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FINAL  REPORT 


"HIGH  EFFICIENCY  TRANSVERSE  D.C.  ELECTRON  BEAMS" 

I.  Electron  Gun.  _Ee.£g  arch.; 

The  proposed  new  sintered  metal  oxide-metal  (e.g.  Al2o3-Mo) 
cathodes  have  been  tested.  As  originally  predicted  these  cathode 
meterials  produce  high  current  beams  (1A)  at  multikilowatt  powers  in 
atmospheres  containing  a  pure  noble  gas  or  a  mixture  of  a  noble  gas 
and  a  metal  vapor  at  generation  efficiencies  up  to  75  percent. 

In  contrast  with  other  cathode  materials  previously  used,  the 
sintered  materials  allow  multikilowatt  electron  beam  operation  in  an 
oxygen-free  atmosphere.  This  is  an  important  development  in  the 
construction  of  an  cw  electron  beam  excited  UV  laser,  where  no  oxygen 
can  be  tolerated.  This  new  electron  gun,  which  we  have  developed  for 
laser  excitation,  also  finds  important  applications  in  other  areas  of 
research,  such  as  the  processing  of  microelectronic  materials,  as  we 
described  in  our  review  article,  J.  Appl.  Phys.  5JL  796,  (1984). 

II.  Laser  Research 

1)  1  Watt  CW  Zn  Ion  Laser 

We  have  obtained  1.2  W  of  cw  laser  power  on  the  4911.6  and  4924.0 
A  transitions  of  Zn  II  by  exciting  a  He-Zn  gas  mixture  with  a  dc  glow 
discharge  electron  beam.  With  the  same  excitation  scheme, 0.25  W  of  cw 
laser  radiation  on  the  6149.9  A  line  of  Hg+  has  also  been  obtained. 

This  represents  an  order  of  magnitude  increase  in  the  output  power  over  that 


previously  obtained  from  these  metal  vapor  laser  transitions  and  is 
the  first  time  that  metal  vapor  ion  lasers  have  operated  cw  in  the 
visible  region  at  a  power  of  1  W. 

The  operating  efficiency  also  represents  an  order  of  magnitude 
improvement  over  that  obtained  in  hollow  cathode  lasers.  These 
experiments  show  that  a  cw  Ag  laser  operating  at  a  power  between  0.1 
and  1  watt  at  efficiencies  as  high  as  0.5  percent  should  be  possible. 
The  progress  towards  this  goal  is  described  below.  For  more  details 
on  the  cw  zinc  laser, see  "1  W  CW  Zn  Ion  Laser,"  by  J.  J.  Rocca,  J.  D. 
Meyer,  and  G.  J.  Collins,  Appl .  Phys.  Lett.  jQ,  37,  July  1983. 


We  have  obtained  cw  laser  action  on  four  transitions  in  the 
doublet  system  of  atomic  fluorine  for  the  first  time.  All  previously 
reported  laser  action  was  on  a  pulsed  basis  only.  CW  laser  radiation 
was  obtained  when  F2  or  AgF  was  used  as  a  fluorine  donor  in  an 
electron-beam-pumped  helium  plasma.  A  multiline  output  power  of  200 
mW  was  obtained.  A  collisional  excitation  reaction  with  an  energy 
surplus  populates  the  upper  laser  levels,  causing  a  difference  in  the 
velocity  distribution  of  atoms  in  the  upper  and  lower  laser  levels. 
This  avoids  the  self-termination  of  the  laser  output  caused  by 
trapping  of  the  lower  state  resonant  radiation  observed  by  previous 
investigators . 

We  have  also  observed  CW  laser  action  on  the  8446  A  line  of 
atomic  oxygen  exciting  a  He-Oj  mixture  with  a  d.c.  electron  beam  in 
the  same  experimental  setup.  CW  laser  action  was  also  obtained  when 
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the  electron  beam  was  used  to  excite  pure  oxygen  gas.  Direct  current 
electron  beams  are  thereby  demonstrated  to  be  a  suitable  method  to 
excite  cw  atomic  lasers.  For  a  more  detailed  discussion,  see  "CW  Laser 
Action  in  Atomic  Fluorine,"  J.  J.  Rocca,  J.  D.  Meyer,  B.  G.  Pihlstrom, 
and  G.  J.  Collins,  IEEE  J.  of  Quantum  Electronics,  QE-20,  625  ,  June 
1984. 

Progress  Towards  a ,  1W  .Ultraviolet  Metal  Vapor  Lasex 
3 )  CW  Electron  Beam  Excited  Metal  Vapor  Lasex 

In  the  last  6  months  our  efforts  have  concentrated  in  the 
construction  of  an  electron  beam  pumped  Ag  II  and  Cu  II  laser  with  the 
goal  of  obtaining  a  cw  ultraviolet  power  of  1W  at  efficiencies  over 
0.1  percent.  These  lasers  will  operate  at  220  and  250  nm 
respectively. 

To  operate  successfully  these  new  devices,  a  metal  vapor  density 
15  -3 

of  the  order  of  10  cm  has  to  be  achieved.  Two  laser  set  ups  are 
being  constructed.  In  one  of  them, the  metal  vapor  density  is  produced 
by  discharge  heating  in  a  hollow  cathode  discharge.  In  the  second 
device,  the  metal  vapor  concentration  is  produced  by  a 
ceramic-molybdenum  ohmic  heater.  Both  devices  should  be  operational 
by  December  1984.  Optimization  of  the  laser  output  power  and 
efficiency  will  be  the  subject  of  the  research  in  the  first  months  of 

1  o  o  c 


ill.  Modeling. of  Eleg_tco.D_ii.earo__Pump^d__CK.-La5.ej^. 

We  have  developed  computer  models  of  both  cw  electron  beam 
excited  noble  gas  argon  ion  lasers,  currently  under  study  at  Spectra 
Physics,  and  electron  beam  excited  He-metal  vapor  lasers  under  study 
at  CSU. 

The  model  calculates  numerically  the  Boltzmann  equation  for 
electrons  in  an  electron  beam  created  plasma  and  uses  it  to  calculate 
population  inversion  densities,  laser  output  power,  and  efficiency. 

The  results  can  be  summarized  as  follows:  An  Ar  +  cw  laser 
excited  transversely  by  a  50-100  eV  electron  beam  is  a  device  limited 
to  efficiencies  <2  x  10“4.  This  laser  consequently  has  practical 
interest  only  as  a  low  power  (1.0  W  device) ,  where  air  cooled  positive 
column  lasers  arc  even  more  inefficient. 

In  contrast,  He-metal  vapor  output  powers  of  a  few  watts  at 
efficiencies  as  high  as  0.1  percent  in  the  visible  and  0.5  percent  in 
the  UV  should  be  possible.  The  results  obtained  experimentally  with 
Zn+,  discussed  in  Section  II,  tend  to  confirm  this  prediction. 
Experimental  results  obtained  at  Spectra  Physics  for  the  transversely 
excited  Ar+  laser  also  agree  well  with  the  model.  The  model  results 
and  structure  were  presented  at  the  "37th  Gaseous  Electronic 
Conference,"  in  Boulder,  CO  in  October  1984.  A  journal  publication  on 
the  subject  is  currently  under  preparation. 
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The  energy  spectrum  of  a  kilovolt  electron  beam,  generated  by  a  helium  glow  discharge  at 
pressures  between  0  15  and  0.8  Torr,  was  measured  with  an  electrostatic  energy  analyzer.  An 
abrupt  increase  tn  the  energy  spread  of  the  electron  beam  was  observed  to  be  coincident  with  an 
increase  in  the  luminosity  of  the  electron  beam  created  plasma,  and  w  ith  the  onset  of  intense 
microwave  radiation.  The  relevance  of  these  phenomena  in  cw  electron  beam  pumped  ion  lasers  is 
discussed 


I’ AC’S  numbers:  52.80  He,  41.80.Dd,  52.40.Mj 

I.  INTRODUCTION 

Linder  proper  conditions  a  glow  discharge  may  produce 
powerful  electron  beams.  Glow  discharge  electron  beams 
can  be  generated  in  helium  at  pressures  from  0. 1  to  2  Torr 
without  differential  pumping.1  In  contrast,  the  high-vol¬ 
tage  operation  of  a  hot  cathode  electron  gun  requires  am¬ 
bient  pressures  below  10  1  Torr.  We  have  used  glow  dis¬ 
charge  created  electron  beams  at  1.5-3  keV  and  currents  up 
to  1  atrip  to  pump  cw  ion  lasers.  We  have  obtained  cw  laser 
action  in  both  singly  ionized  mercury  and  iodine  in  helium- 
metal  vapor  mixtures.'4  Electron  beam  pumping  is  a  new 
laser  excitation  scheme  that  could  improve  both  the  output 
power  and  efficiency  of  ion  lasers  due  to  the  large  density  of 
energetic  electrons  in  the  active  plasma  medium  as  com¬ 
pared  to  conventional  schemes. 

1  he  energy  spectrum  of  electrons  emitted  by  a  glow 
discharge  litis  beet:  measured  previously'  tit  discharge  cur¬ 
ie  nts  of  a  lew  m  1 1  humps  with  a  cathode  current  density  of  up 
n  1 0,40  m  A  'em  We  have  measured  the  electron  beam  ener¬ 
gy  vlismhut  ton  at  currents  between  20  and  700  mA.  and  heli¬ 
um  pressuies  between  0  15  and  0.8  Torr  using  an  electrosta¬ 
tic  eneri'y  analyzer  t  >nr  measurements  correspond  to 
i  .t  I  hod.  .urn.  m  densities  from  2  to  70  m.A  cnr.  We  ob- 
•  '  vc, ]  i h  ,i  i  eritnal  t  iectr- >n  beam  current  density,  de- 
t;.ii  c ;  ;e ,  -  sun  a  region  of  i  he  electron  -  beam -general - 
:  pi  i  i.  i  wtt.  uii -is.i  t 1  i y  lucli  liiimnosi’y  w  ts  produced 
i  ■  "  ’  o,  ■  pic  i,  ’ii-.  tt.i  v»  a-  'bund  to  he  coincident  with 

c,  i1-. •  a  .. : .t.J.ti i<  :i  •  •!  On  cic.  iron  lv. mi  energy  profile. 

W  :  -  ■  in  J'he  ’he  •  ns.-:  ci  r,t.  ns.  optical  emission 

.  -  l  C  I  W  . :  C'.i.c,  , !  Vs.  '  ii  a  CC  e:':  -  c,  biMti.c  ;i;|ertic - 

. :  '  "i  r  s  'I  'Vo  jileln  y  1  M I  t  ad i  - 


II.  GLOW  DISCHARGE  CREATED  ELECTRON  BEAM 

1  he  -.ec"'-'t>  . n.t'  . onsists  ,  ;  .1  ylimtncal  magnesium 
c  !■  '  u,  m  .n.mieter  s-.imaiiided  h>  a  cer.nnie ’Al  0,1 

-!,.e  'litr  es  elev  Iron  emission  to  ihe  .athodc  front 
i  I  I  •  ii-i  me  ■  be' ween  the  athode  and  the  ceramic 
rii-  I . t  .  •  . i f [  :  vnrit’T.  I  mm.  t  !:••  fiorit  face  of  t In-  cal hode 
.  s  '.r.r'  •.*  ith  i  *  u :  i  adius  i  tem  vat  ureto  obtain  a  sell  - 
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focused  electron  beam.  Cathode  curvature  shapes  the  elec¬ 
tric  field  tn  the  cathode  fall  region  so  that  a  converging  elec¬ 
tron  beam  results.  This  electron  beam,  with  the  focus 
between  the  cathode  and  a  target,  is  shown  in  Fig.  1(a).  The 
cathode  is  w  ater  cooled  to  allow  direct  current  operation  at 
large  discharge  powers  I  p  1  k  W|.  The  position  of  the  anode  is 
not  important  and  does  not  influence  the  electron  beam  as 
long  as  the  anode  position  is  outside  the  glow  discharge  dark 
space. 

Secondary  electron  emission  from  the  cathode  occurs 
following  bombardment  of  the  cathode  by  ions  which  are 
accelerated  through  the  cathode  dark  space,  where  practi- 


I  Ki  1  ia)  Self  Incused  electron  Hearn  discharge  H  I  lev  iron  Hearn  dis 
c  liar  ^e  showing  ihe  high  luminosity  plasma  I  lull  appears  m  the  local  region 
of  I  he  electron  Hearn  in  between  the  cathode  and  the  target 
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cully  all  the  discharge  voltage  drops  occur.  Energetic  neu¬ 
trals,  created  b>  resonant  charge  transfer  collisions'*  in  the 
cathode  fall  region,  also  contribute  to  electron  emission.  The 
electrons  emitted  from  the  cathode  surface  are  also  acceler¬ 
ated  in  the  dark  space,  in  the  opposite  direction,  to  form  the 
electron  beam. 

In  preliminary  studies  with  Mg  cathodes,  we  observed 
that  ihe  secondary  electron  emission  decreased  by  more  than 
an  order  of  magnitude  as  the  native  magnesium  oxide  was 
removed  from  the  cathode  surface  with  ion  sputtering.  We 
have  determined  that  a  large  secondary  electron  emission 
from  the  cathode  can  be  maintained  by  the  addition  of  a 
small  amount  of  oxygen  110-20  mTorrl  to  the  discharge 
chamber  which  enables  the  maintenance  of  a  magnesium 
oxide  coating  on  the  cathode  surface.  This  oxide  coating  per¬ 
mits  the  production  of  the  electron  beam  with  high  efficiency 
whiie  at  the  same  time  reducing  cathode  sputtering.  Using  a 
calorimeter  to  measure  the  electron  beam  power  directly,  we 
found  that  up  to  70%  of  the  discharge  power  goes  into  the 
electron  beam  when  the  discharge  voltage  is  2.4  kV.  Neglect¬ 
ing  ionization  in  the  dark  space  the  electron  beam  current, 
/  ,  is  related  to  the  ion  current,  / . ,  by  the  relationship 
/,  =}'/.,  where  p  is  the  secondary  electron  emission  coeffi¬ 
cient.  Considering  that  1  =  1,,  +  / , ,  we  can  state 

/  -- —  /.  Ill 

i  -  r 

Hence,  from  the  calorimetric  measurement  of  the  electron 
beam  power  an  effective  secondary  emission  coefficient  y  of 
2.5  is  obtained  for  the  magnesium  cathode  with  an  oxide 
coating  from  Eq.  1 1 ). 


III.  ELECTRON  BEAM  ENERGY  SPECTRUM 
MEASUREMENTS 

The  electron  beam  energy  spectrum  was  measured  with 
an  electrostatic  energy  analyzer,  using  the  experimental  set¬ 
up  show  n  in  Fig.  2.  The  energy  analyzer  chamber  is  connect¬ 
ed  to  the  electron  beam  glow  discharge  housing  through  a 
0  05-mm-diam  sampling  hole.  The  pinhole  was  placed  17  cm 
from  the  cathode  emitting  surface  The  wall  dividing  both 
chambers  is  made  of  copper  and  is  water  cooled  in  order  to 
withstand  the  impinging  electron  beam  which  delivers  se¬ 
veral  hundred  watts.  The  electron  analyzer  chamber  is 
pumped  with  a  turbomolecular  pump  and  the  pressure  is 
maintained  below  10  '  Torr.  Helium  is  flowed  through  the 
electron  beam  glow  discharge  chamber,  via  a  needle  valve, 
and  pumped  out  by  a  rotary  vacuum  pump.  A  small  amount 
of  oxygen,  accounting  for  a  partial  pressure  of  10-20  m  Torr 
in  the  discharge  chamber,  was  also  flowed  for  increased  elec¬ 
tron  emission  as  described  in  Sec.  II.  The  presence  of  oxygen 
at  these  partial  pressures  was  shown  to  have  no  significant 
influence  on  the  electron  energy  profiles. 

The  electron  gun  was  mounted  in  a  micropositioner 
that  allows  alignment  of  the  electron  beam  both  with  the 
sampling  hole  and  the  entrance  hole  of  the  energy  analyzer. 
The  electrostatic  energy  analyzer  used  was  a  Comstock, 
Inc.,  Model  AC-901  with  160°  spherical  sector  surfaces  pro¬ 
viding  an  energy  resolution  of  0.5%  with  a  1-mm-diam  en¬ 
trance  aperture  to  the  energy  analyzer.9  Electron  beam  ener 
gy  distributions  were  measured  at  0. 1 5,  0.2,  0.4, 0.6,  and  0.8 
Torr  of  helium. 

Illustrative  data  obtained  from  measurements  at  0.4, 


FIG  2  F.x  pen  mental  setup  used  to  study 
the  electron  beam  glou  discharge 
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0.6,  and  0  8  Torr  art-  shown  in  three  columns  in  Fig.  3  for 
currents  between  60  and  700  mA.  The  individual  plots  show 
the  measured  energy  spectrum  of  the  electron  beam  at  nine 
different  discharge  currents  indicated  on  the  right-hand  side 
ot  F  ig  1  Note  th.6  t Fie  zero  of  electron  beam  current  for 
each  energy  spectrum  is  indicated  on  the  left  of  the  figure 
and  the  energy  axis  at  the  bottom  The  same  relative  scale 
was  used  to  plot  the  electron  beam  current  for  every  spec¬ 
trum  in  Fig  1  With  data  in  this  format  the  following  trends 
can  be  observed  F  or  all  pressures  the  peak  value  of  the  elec¬ 
tron  beam  current  increases  as  the  current  is  incremented, 
up  to  a  critical  value  denoted  as  a  in  the  senes  of  energy 
spectrumsof  foe  ’  Beyond  tins,  ntkal  cutr.  nt.  thcelectron 
beam  energy  protile,  'hat  up  to  this  point  wa,  getting  nar 
paver  '  -pi  tllv  I'*1  ’(*1  eV  toil  width  at  hail -mavitnumi 
abi  up*  I  v  degravles  into  a  broad  profile  as  -v  n  I  his  change 
:n  th*  ■,  I-..  I  v  mi  bt  ,m i  energy  spectrum  is  ass. .  aaled  with  the 
■ 1  aid-  n  ippe.i' m.  >■  of  i  plasma  region  with,  vets  intense  in 
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troll  energy  profiles  in  F:ig  3  denoted  by  narrow  lines. 

Figure  4  shows  one  illustrative  electron  beam  energy 
spectrum  measured  at  0.8  Torr  of  He  and  at  0.3  A  discharge 
current  This  spectrum  corresponds  to  the  spectrum  in  the 
fifth  row  of  column  one  in  Fig.  3  Several  peaks  are  observed 
in  this  spectrum,  at  intervals  of  approximately  25  eV,  w  hich 
coincides  with  the  ionization  energy  of  helium  1 24.8  eVi. 
Beam  electrons  that  suffered  one,  two.  or  more  ionizing 
collisions  constitute  the  different  peaks  Elastic  electron-he¬ 
lium  collisions  smooth  out  the  distribution.  The  important 
observation  to  be  made  in  Fig.  4  is  that  the  maximum  mea¬ 
sured  electron  beam  energy  corresponds  to  the  measured 
discharge  voltage.  F,  This  confirms  that  nearly  all  the  dis¬ 
charge  voltage  drops  in  the  cathode  fall  region,  where  the 
electrons  are  accelerated. 

IV.  OPTICAL  MEASUREMENTS 

The  light  emitted  by  the  electron-beam-created  glow 
discharge  was  monitored  using  an  optical  multichannel  ana- 
lyzer  |OMAl  having  an  intensified  diode  array  detector  of 
512  elements.  The  optical  setup  shown  in  Fig.  2  was  used. 
The  detector  w  as  mounted  on  a  1/2  meter  spectrometer  hav¬ 
ing  a  diffraction  grating  of  280  groves  per  millimeter.  This 
prov  ided  a  resolution  of  6  A  per  channel  and  a  spectral  range 
of  nearly  KXX)  A  We  were  also  able  to  make  spatially  re¬ 
solved  1 1  mm  resolutioni  measurements  in  different  regions 
ol  the  glow  discharge,  show  n  in  Fig.  lib)  by  moving  one  of 
the  two  parallel  mirrors  shown.  Special  attention  was  given 
to  the  local  region  of  the  electron  beam,  in  the  negative  glow 
region  ot  the  discharge,  w  here  the  unusually  high  luminosity 
shown  in  F  ig  1 1 b '  suddenly  appears. 

Most  of  the  visible  radiation  from  the  electron  beam 
helium  discharge  was  observed  tobe  from  three  He  I  spectral 
lines:  5015.7  A  i3  p  'P"  -Is  'S  i.  5875.6  A  1 3d  O  -2p'P"i. 
and  6678  1  A  1 3z/  'D  *2  p  'P"‘  The  intensity  of  these  lines  in 
'he  focal  region  of  the  electron  beam  as  a  function  of  dis- 
i  Furge  current  is  show  n  in  Fig  5  If  single  step  electron  exci¬ 
tation  trom  the  helium  atom  ground  state  is  the  major  cre¬ 
ation  mechanism,  the  intensity  of  the  5015.7  A  lines  should 
it  'inmate  over  the  othci  t  wo  lines,  since  the  ’ level  has  the 
'largest  electron  mipai  ;  exi  nation  cross  section  Fills  is  the 
ease  observed  at  I  wv  disibarge  currents  when  the  negative 
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H(i  y  Hchawnr  of  the  spontaneous  emissions  originating  from  the  focal 
region  of  the  electron  beam  helium  discharge  Helium  pressure  was  0.2 
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glow,  as  observed  by  the  eye.  is  dominantly  green.  In  this  low 
current  range  the  intensity  of  the  lines  increases  roughly  lin¬ 
early  with  beam  current  up  to  a  critical  current.  Then  an 
abrupt  increase  in  the  luminosity  of  this  plasma  region  oc¬ 
curs.  as  shown  in  Fig.  5.  When  this  occurs  the  plasma  looks 
as  shown  in  Fig.  lib).  Now  emission  from  the  5875.6  line 
dominates,  making  the  region  of  the  plasma  appear  pink/ 
orange  to  the  eye  A  change  occurs  in  the  electron  energy 
distribution  as  shown  in  spectrum  drawn  with  thick  lines  in 
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Fig.  3,  and  direct  excitation  from  the  helium  ground  state  by 
beam  electrons  is  no  longer  the  dominant  excitation  mecha¬ 
nism.  The  discharge  current  at  which  the  sudden  change  in 
plasma  luminosity  occurs  increases  as  the  helium  pressure  is 
incremented.  This  is  shown  in  Fig.  6.  Below  we  describe  the 
origin  of  the  change  in  the  electron  beam  energy  spectrum 
and  the  correlation  with  the  appearance  of  a  luminous  region 
in  the  beam-generated  plasma. 

V.  ULTRAHIGH  FREQUENCY  (UHF)  GENERATION 

The  degradation  in  the  electron  beam  energy  profile 
and  the  observation  of  an  abrupt  increase  in  the  intensity  of 
the  visible  radiation  emitted  by  the  discharge  previously  de¬ 
scribed  suggests  the  existence  of  strong  beam  plasma  interac¬ 
tions.  "  1  *  A  confirmation  of  the  existence  of  plasma  oscilla¬ 
tions  excited  by  the  electron  beam  is  the  observation  of  an 
abrupt  increase  in  the  intensity  of  the  microwave  radiation 
generated  by  the  discharge,  in  coincidence  with  the  appear¬ 
ance  of  the  optical  emission  phenomena  described  above. 
Figure  7  shows  the  A"  band  UHF  emission  intensity  as  a  func¬ 
tion  of  the  electron  beam  discharge  current.  The  beam  cur¬ 
rent  at  which  the  UHF  radiation  abruptly  increases  was  al¬ 
ways  in  coincidence  with  the  appearance  of  the  “ball  of 
light”  in  the  plasma  region  [shown  in  Fig.  1(b)]  and  with  the 
pronounced  degradation  of  the  electron  beam  energy  spec¬ 
trum.  Specifically,  in  Fig.  3  for  a  pressure  of  0.6  Torr  the 
onset  of  beam  degradation  occurs  at  500  m  A,  which  agrees 
with  the  current  for  intense  UHF  oscillation  shown  in  Fig.  7. 
The  same  agreement  between  beam  degradation  and  UHF 
threshold  occurs  at  0.4  A  with  a  helium  pressure  of  0.4  Torr. 
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H(  i  7.  Intensity  of  microwave  radiation  as  a  function  of  discharge  current 
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OSCILLATION  FREQUENCY  (GHz) 

MCi  H  f  requency  spectrum  of  microwave  signal  at  a  pressure  of  0  3  Torr  and  three  different  currents 


Figures  3  and  6  show  that  the  current  onset  of  these 
phenomena  increases  as  the  helium  pressure  is  increased. 
This  is  in  agreement  with  the  results  of  Wada  and 
Knechtli.1'  who  observed  that  the  plasma  density  required 
for  energy  transfer  from  an  injected  electron  beam  to  the 
plasma  was  higher  when  the  background  gas  pressure  was 
increased.  This  shows  that  collisionless  thermalization  of 
electrons  in  a  beam-plasma  system  can  be  inhibited,  if  the 
electron  collision  mean-free-path  is  made  small  enough. 

The  spectrum  of  the  UHF  emission  between  1  and  1 1 
GHz  was  measured  using  an  UHF  spectrum  analyzer,  and  is 
shown  for  three  different  discharge  currents  at  a  helium 
pressure  of  0.3  Torr,  in  Fig.  8.  This  broad  spectrum  is  similar 
to  the  one  found  in  previous  experiments  that  studied  the 
oscillations  of  beam-plasma  discharges,1214  in  which  the 
dominant  mode  of  interaction  is  believed  to  be  at  the  plasma 
frequency.  The  plasma  electrons  find  themselves  in  a  rf  field 
that  accelerates  them  to  the  energy  range  where  they  can 
excite  and  ionize.  This  increase  in  the  excitation  rate  is  con¬ 
sistent  with  the  observed  variation  of  the  light  emission. 
Plasma  oscillations  are  judged  to  be  the  mechanism  that  effi¬ 
ciently  transfer  energy  from  the  electron  beam  into  the  plas¬ 
ma,  causing  the  observed  energy  degradation  of  the  electron 
beam  energy  profile. 

VI.  PLASMA  OSCILLATIONS  IN  THE  EXCITATION  OF  cw 
ION  LASERS 

Beam-plasma  discharges,  created  by  exciting  plasma 
oscillations  with  a  pulsed  electron  beam  drifting  in  a  longitu¬ 
dinal  magnetic  field,  have  been  used  to  excite  pulsed  ion  la¬ 
sers  U  l'  In  these  experiments  an  electron  beam  of  energy 
between  10  and  45  keV  and  current  between  lOand  30Awas 
inserted  into  a  plasma  chamber,  where  the  pressure  ranged 
from  10  ■  to  10  ‘  Torr  "  At  this  low  gas  density  the  elec¬ 
tron  beam  energy  would  be  very  poorly  deposited  into  the 
plasma  in  the  absence  of  the  collective  interaction  between 
the  electron  beam  and  the  plasma,  that  leads  to  intense  exci¬ 
tation  of  high-frequency  oscillations. 


In  a  cw  electron  beam  laser  system,  such  as  the  one  we 
used  to  obtain  cw  laser  action  in  He-metal  vapor  mixtures1,4 
UHF  oscillation  could  present  a  major  disadvantage.  This 
system  is  longitudinally  pumped  by  an  electron  beam  of  ap¬ 
proximately  3  keV.  The  pressure  in  the  plasma  tube  is  several 
Torr  so  that  a  beam-plasma  interaction  that  degrades  the 
electron  energy  profile  in  the  way  shown  in  Fig.  3  would 
reduce  the  reaching  distance  of  the  electron  beam  and  results 
in  a  substantially  shorter  and  nonuniform  active  medium. 

In  a  transverse  geometry,  the  range  of  the  electron  beam 
should  be  small  so  that  the  majority  of  the  energy  is  deposit¬ 
ed  into  the  plasma  and  not  onto  the  walls  of  the  discharge 
chamber.  Electron  beam  excited  plasma  oscillations  could 
therefore  be  used  to  efficiently  deposit  the  electron  beam 
energy  in  the  case  of  transverse  electron  beam  excitation  into 
a  volume  with  a  small  cross  section  and  long  optical  length. 
One  such  transverse  laser  excitation  scheme,  using  glow  dis¬ 
charge  electron  guns,2  is  shown  in  Fig.  9.  The  anode  position 
is  not  shown  since  its  location  is  not  essential  to  the  charac¬ 
teristics  of  the  electron  beam  discharge,2  nor  will  it  block  the 
optical  path.  The  use  of  two  cathodes  allows  for  partial  trap- 
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ping  of  the  high-energy  electrons.  Beam  electrons  which 
reach  the  opposing  cathode  after  passing  through  the  beam- 
plasma  region  are  reflected  there  by  the  electric  field  in  the 
cathode  fall  region.  Both  of  these  effects  will  increase  the 
energy  deposition  efficiency  of  the  transverse  electron  beam. 

VII.  SUMMARY 

The  energy  spectrum  of  a  kilovolt  electron  beam  pro¬ 
duced  by  a  magnesium  cathode  glow  discharge  operating  in 
helium  at  pressures  between  0. 1 5  and  0.8  Torr  was  measured 
using  an  electrostatic  energy  analyzer  The  maximum  ener¬ 
gy  of  the  electrons  coincide  w  ith  the  discharge  voltage  drop, 
r,  The  electron  beam  energy  spectrum  measured  at  17  cm 
from  the  electron  gun  presents  an  energy  w  idth  at  half-maxi¬ 
mum  of  100-300  eV.  The  electron  beam  energy  spectrum 
gets  narrower  as  the  discharge  current  is  incremented  up  to  a 
critical  current  value,  at  which  point  it  abruptly  degrades 
into  a  broad  energy  profile.  This  change  in  the  electron  beam 
energy  spectrum  is  coincident  w  ith  the  sudden  appearance  of 
a  plasma  region  with  a  very  intense  luminosity  and  with  the 
emission  of  intense  microwave  radiation. 

This  phenomena  is  attributed  to  the  generation  of  plas¬ 
ma  oscillations  driven  by  the  electron  beam.  We  suggest  the 
use  of  the  beam-plasma  interaction  as  a  method  to  efficiently 
deposit  the  electron  beam  energy  into  the  plasma  in  a  trans¬ 
verse  electron  beam  discharge  for  the  excitation  of  ion  lasers. 
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\S  i  ii.i  v  v  incasmed  i  In'  elec  1 1 •  mi  enerei  "l  i lie  lliornul  croup  ot  elect  run'  in  hot  h  lonoiiinlin.il  .mil  transverse  electron 
In  t  in  ,  i  o. noil  In  ti ti in  .  Ion  iIim'Iui  :ii  Hi e  ine.isureinent  lechnti|ue  employs  the  r.itio  of  intensities  of  spectral  lines  in  the 
_s  \  op  ■1p  Ho  I  series.  Values  .a  k  I between  tt.of  ami  o.l  I  eV  were  oluaineil.  These  energies  are  typical  of  the  beam- 
enoiaii'il  eleittn  Held  tree  plasmas,  file  lomptciuivc  loss  ot  helium  ions  h>  recombination  and  by  charge  transfer  in  a 
IK  II.  eli'ii  roll  he.nn  e Tea  led  plasma  is  calculated  The  resiilis  are  applied  to  the  lie*  laser  pumpin'.'  scheme  using  a  electron 
lie. i ill  created  I  le  I  |e  plasma . 


Recently  .  we  licinonstraled  that  election  beam 
crc.itcil  clow  discharges  mas  bo  employed  as  a  new  ac¬ 
tive  medium  lor  CVV  ion  lasers  [I  4|.  We  have  devel¬ 
oped  elms  discharge  electron  guns  tor  both  longitudinal 
1 5 ,f> |  and  transverse  |7|  plasma  excitation.  These  elec¬ 
tron  guns  produce  electron-beam  currents  up  to  I  A  at 
energies  between  I  and  It)  keV. 

big.  I  shows  the  calculated  electron  energy  distribu¬ 
tion  m  the  electron  beam  generated  helium  plasma 
obtained  by  solving  the  Bolt/mann  equation  in  the 
electric  Held  tree  negative  glow  region  [R|.  Although 
the  tom/ation  is  due  to  collisions  of  gas  atoms  with 
high-  and  intermediate-energy  electrons,  the  most 
numeious  group  of  electrons  in  the  negative  glow  has 
neat  thermal  energy  (see  fig.  1  ).  This  is  because  the 
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lilt  ah  ul.i led  election  enemy  distribution  for  helium 
pl  isma  c\i  iTctl  In  a  I  keV  electron  beam.  He  density  b 
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dlt  lr  i'll  I  l.il  ,  1 1  k-,  Mil  lull  Im  ilk'  pi  oil  Ik'  I  It  ill  ol  second - 
,ii  \  v- lii  1 1  "ik  ill  imn/mg  election  .1 1 1 ii n  collisions 
; H-.i k >.  .1 1  /ei  >  i  cnei  e\  | 1  *  | .  Moico\er .  each  beam  elec- 

tk'l!  v'  .11 1  i'U'JIi'  I  III  Ilk'  I  oik  sCC  i  Mkl.ll  V  elect  It  ills.  Ilk' SC 
M\  011,1.11  \  i'll' I  Hoik  iim  CHOI  g\  Mil  Mipi'll'l.kt  k  Col- 

Ikioik  with  excited  ,i  loins.  I'lasiii  lollisions  w  ii  1 1  beam 
K  .  1 1  oils  or  as  a  result  ol  tlnee-body  election  ion 
:i.  ombiii.il  ion  a i id  are  iheimah/ed  b\  elastic  col- 
i  i  'ik  m  ilic  field-free  negative  glow  region. 

We  base  measured  the  election  tempeiaiure  ol  lire 
|  Ik  i  in. 1 1  nicies  eioiip  oi  elections  in  the  negative  glow 
a  boi |i  lonei! iiitin.il  and  tiaikverse  doss  discharges 
i  -Hi'.-  ihc  i alio  o|  spectial  intensities  ol  the  2s  'S 
m'  I ’  lie  I  senes, 

kr  kslrdee  ol  t lie  lempeiaime  o|  ibis  iliermal  elec- 
Hoi  ,'ioiip  is  neci'ssais  1 1 >  il e  1  ei nn ne  1 1  the  plasma  is 
!:i  l  :k)on  oi  lecombmal  ion  d< un mated  |  I ()| .  since 
.  ml  i  malls  asskied  ( tlnee-body  )  electron  ion  recoin  - 
bin. 1 1 1.  in  is  piopoi  i  jonal  to  I.  *  '  1 1  I  | .  In  a  charge 
iikld  ion  l.kci  election  recombination  represents  a 
loss  o|  build  e as  ions,  ilieicbs  limiting  output  power 
and  el  liciency  .  Also,  il  the  plasma  is  lo  he  used  as 
l.isei  as  use  medium  these  low -energy  electrons  ss.  ill 
play  an  important  tole  m  I  he  electron  de-excitation 
ol  i lie  laser  levels  1 1  2  | . 

I  lls'  longitudinally  cxclied  electron-beam  plasma 
was  created  us  me  a  elms  discharge  electron  gun  similar 
lo  ihc  one  described  in  ret .  |6|  and  having  a  LaB6 
cathode  3.2  cm  in  diameter.  The  electron  gun  was  in- 
troduced  into  a  stainless-steel  vacuum  chamber  having 
Mijnasil  ijiiart/  windows  lor  optical  measurements. 

The  metal  chamber  was  grounded  and  served  as  the 
anode  of  the  glow  discharge.  The  line  intensity  mea¬ 
surements  took  place  approximately  10  cm  from  the 
cathode  emitting  surface,  far  from  the  cathode  dark 
space  and  well  into  the  field-free  negative  glow  region. 

The  transverse  electron-beam  discharge  was  estab¬ 
lished  in  the  same  vacuum  chamber  by  replacing  the 
electron  gun  described  above  by  two  transverse  elec¬ 
tron  guns  similar  io  lire  ones  described  in  ref.  [7|. 

They  were  positioned  parallel  facing  each  other  as 
indicated  in  tig.  I  of  ref.  [7|  with  the  distance  between 
the  cathode  emitting  surfaces  of  3  cm.  The  cathodes 
were  slotless.  5  cm  long  by  1 .2  cm  wide  with  a  radius 
ol  curvature  of  I  .5  cm.  Again,  line  intensity  measure¬ 
ments  were  made  in  the  negative  glow,  in  the  central 
portion  of  the  discharge.  We  also  have  measured  the 
electron  temperature  in  a  longitudinal  electron-beam 


lie  plasma  confined  by  a  magnetic  field.  In  this  case 
lire  e  beam  created  plasma  ai  raiigenti'iu  was  similar 
lo  llie  one  we  Used  to  obtain  lasci  action  in  vaiiotis 
lie  metal  vapor  mixtures,  described  in  detail  in  rets. 

1 1 .2 1.  The  only  difference  being  the  use  of  two  elec¬ 
tron  gurts.  one  at  each  end  of  the  electromagnet,  to  in¬ 
crease  plasma  uniformity. 

The  spontaneous  emission  from  lire  electron  beam 
excited  plasma  was  collected  through  a  suprasil  window 
ami  focused  into  the  slit  of  a  I  m  SI’I  X  spectrometer 
by  a  quart/  lens.  We  used  an  RCA  (3  1034  Peltier  cool¬ 
ed  photomultiplier.  The  spectral  response  of  the  entire 
optical  detection  system  was  measured  using  a  tungsten 
ribbon  lamp  calibrated  at  N.B.S.  so  that  the  measure¬ 
ments  of  relative  intensities  were  properly  corrected. 
The  ratio  ol  intensities /.ol  the  lines  of  the  2s 2  S  /;p  2P 
lie  I  series. assuming  the  levels  are  in  local  thermody¬ 
namic  equilibrium  ( L.TI  )  is  related  to  kTc  by: 

ATC  =  A /•.'(«’.  it) 

X  In  (<  V  )V<//'  •  2)  XT//T/I/J  —  2)1  r  >.  (I) 

where  A/- fit’,  n)  is  the  diflercnce  of  energy  between 
levels  n  and  n' .  <V  and  A  are  the  wavelengths  of  the 
radiation  originating  from  the  n  and  n  levels  respec¬ 
tively  .  This  equation  for  kTK.  is  particularly  sensitive 
to  measurement  errors  of  relative  intensities  for  high 
values  of  h  and  ii' .  A  remedy  is  to  extend  the  range  of 
measurements  over  a  large  number  of  Rydberg  levels. 

A  plot  of  Inf  1  /A2h-V)  versus  /-.fit)  where  /:(«)  is  the 
energy  level  n,  yields  the  average  electron  temperature 
from  t he  slope  of  a  line  connecting  the  data  points. 

Orient  [13]  lias  formulated  an  approximate  elec¬ 
tron  density  criterion  for  a  hydrogenic  level  n  to  be 
within  1 0'3  LTI:  with  the  neighboring  level  n  +  I 

hl.  >  (7.4  X  1 0 1 8/h  1 7,2  )(k Tc / 1 3 .6)1 1- 

Xexpf  M:tnn  +  \)/kTl.).  (2) 

Notice  that  kTc  is  in  eV.  For  an  electron  temperature 
of  0.1  eV  and  n  =  8.  eq.  (2)  requires  an  electron  density 
in  excess  of  2.1  X  IO,0cm  -V  Under  the  discharge 
condition  of  these  experiments  the  electron  density  in 
the  negative  glow  of  the  electron-beam  discharge  is 
judged  to  he  always  >10' 1  cm  3.  Consequently  all 
the  levels  with  n  >  8  should  be  in  LTE  and  the  plots 
of  the  2s  2S  «p  2P  helium  series  are  expected  to  give 
the  temperature  of  the  thermal  electrons  in  the  elec¬ 
tron  beam  discharge. 
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I  i l’ .  3.  2v  3S  up  3 1*  lie  I  series  spectrum  in  a  lie  plasma  longi¬ 
tudinally  excited  In  a  II. I  A 'em*.  2  keV  electron  beam. 

I  lehuiii  pressure  2  I  orr . 


A  scan  ul  the  2s  ’S  /?p  -’P  helium  series  for  n  >  8 
lahen  at  2  Torr  of  helium  at  an  electron  gun  voltage 
of  2  kV  ami  a  cm  rent  of  75  m  A  is  shown  in  fig.  2. 
(iraphs  of  ln(  I  /A-,h-,/>  versus  /:'(«)  for  the  longitudi¬ 
nal  glow  discharges  are  shown  in  fig.  3  for  different  dis¬ 
charge  conditions.  The  data  for  each  condition  were  fit 
to  a  straight  line  using  a  weighted  least-squarcs-fit  rou- 
tine.  The  relative  errors  in  the  determination  of  the 
slopes,  taken  as  one  standard  deviation,  were  between 
1  5  and  MY! .  The  standard  deviations  of  kTQ.  corre¬ 
sponding  to  a  set  of  four  spectral  recordings  repeated 
at  the  same  discharge  conditions,  were  between  4  and 
I3';.  At  helium  pressures  between  I  and  4  Torr,  cur¬ 
rents  between  0.1  and  0.6  A  and  electron  energies 
between  0.75  and  5.3  keV.  the  longitudinal  discharges 
had  values  of  kT^,  for  the  thermal  electrons  between 
0.075  and  0.105  eV.  Measurements  done  in  the  trans¬ 
verse  discharge  at  pressures  between  I  and  3  Torr.  cur- 
routs  between  0.05  and  0.5  A  and  voltages  between 
0.(>  and  I  keV  give  similar  electron  energy  values  for 
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l  ie.  3.  Semilogarithmic  plots  of  the  line  intensities  of  the 
2s  3  S  ii p  3 1’  lie  I  series  in  a  helium  plasma  excited  by  a  longi¬ 
tudinal  electron  beam.  Helium  pressure,  electron  beam  cur¬ 
rent  and  voltage  are  indicated  for  each  plot  on  the  left.  The 
corresponding  values  ot  k  7f.  are  indicated  at  the  right  of  each 
plot. 


the  thermal  electrons  between  0.066  and  0.96  eV. 
Variations  of  kTQ  as  a  function  of  current  and  pres¬ 
sure  in  the  range  mentioned  above  are  within  the  error 
range  of  the  measurements.  Measurements  done  in  the 
electron  beam  plasma  confined  by  a  2.7  kG  axial  mag¬ 
netic  field  at  pressures  between  2  and  4  Torr.  electron 
beam  energies  between  1 .2  and  3  kV  and  at  a  discharge 
current  of  0.25  A  gave  electron  energies  between 
0.090  and  0.101  eV.  For  a  few  discharge  conditions  we 
also  independently  measured  the  electron  temperature 
using  the  2s1  S  up  1  P  He  I  series  obtaining,  as  expected 
good  agreement  with  the  results  obtained  using  the 
2s  up  7  P  series. 

The  electron  temperatures  measured  are  in  good 
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i  i  :  i  ill  u  it  h  picv  uni',  mc.iMiicmcnts  ( A  /  ;  D.O'M 

,  \  1  IVl'.M'll  111  |)|C  IK'Ll.llIU'  LllnW  ill  ,i  In  u  si  i  cathode 

i i  v,  i mi _v  ' | »ci .i tn ip  .ii  I  Inn  of  helium  at  a  current 

■i  1  ■'H  m  A  [  I U  |  Mi  ueu\ei .  l  lie  elec  I  run  teinpeial  tires 
■in-  i  •  lie. I  m  ihe  negative  glow  ol  hollow  cathode  dts- 
!  i:  .vn  I  uve  simil.ii  values.  Warner  |  1 4 1  measured  val- 
.  ■  t  A  /  tui  ihe  llienii.il  electrons  between  0.06S 

: i  :  1 !  I  .4  m  .i  pl.iii.ii  In *ll> »\\  c.iihiivle  discharge  oper- 
:  1  1  1  1  I  1  pit  Stlllt’S  .  'I  \  .Mill  4  I  I  111  .  McNeil  |  I  5 1  mea- 
r  -  ’  V  ■  mii  cue i liics  hel  ween  0.07  and  0.15  eV  in 
i  •' 1  :  e  i  . n  i  .iiliu.le  dtschaige  opei.iting  at  pres- 

. hu.ii  .Mid  lit  Inn  "I  lie.  All  the  above  plow 

■  i'  4e.  1 1 uii-he.nn  •jcnciatcd  and  essentially 
'  ■  .ii  tit.-  negative  clow.  The  must  numerous 

1  i  ii.  '  In-  iiej.it tve  glow  ul  this  discluitge  are 
v  •  !.\  Muiis.  mealed  predominantly  at  zero 
■  "  ■  ’■  "i  mi/attun  piucesses.  These  electrons 

.  am  s  i.ei  e\  t : on i  si i pei elastic  collisions,  elast tc  col¬ 
lision.  with  ciiciectk  elections  and  three-hody  recom- 
i'liia t ion  pmcesses.  However,  the  tact  that  tlieie  is  no 
li.tiK  Held  m  the  negative  plow  and  the  large  mini- 
bet  ot  elastk  collisions  keeps  the  electron  temperature 
i  hoi  mal . 

Know  in.’,  the  value  ot  the  electron  temperature  ot 
the  mittieious  thermal  electrons  the  importance  ot 
election  iccoinbination  as  a  loss  mechanism  ol  ions 
m  tins  election  beam  created  plasma  can  he  calculated. 

I  lie  i]ii. mutative  values  ot  the  various  creation  and  loss 
mechanisms  ol'  ground-state  buffer  gas  ions  is  impor¬ 
tant  m  chaige-tiaitslei  electron-beam  pump  lasers.  In 
particular  we  will  consider  the  losses  ol  He*  in  a  lie 

llg  electron-beam  pumped  laser  plasma.  We  assume  that 
the  loss  mechanisms  tor  helium  ions  are  thermal  charge 

I I  an  si  er  collisions  with  I  Ig  atoms:  collisionally  assisted 
tluee-body  recombination:  radiative  electron  recombi¬ 
nation:  and  diffusion  to  the  walls.  In  an  electron-beam 
laser  plasma  ol  the  kind  used  in  ref.  1 1  |.  with  mercury 
vapor  density,  llg.  between  I  X  I01''  and  I  X  I016 
and  k 7\.  -  0.1  e V  the  last  two  processes  are  negligibly 
small  compared  with  the  first  two. 

Consequently  the  fraction  of  ions  loss  by  three- 
body  electron  recombination,  is: 

.1(7;.  500 1  4  \Y; 

K  Miigl  +T(/;  doo)  4  i,Y4  ' 

where. 1  =  7.1  /  10  cmfc/s  1 1 1 1  and  K  -  v*o.  is 
the  charge-transfer  rate  constant,  where  a  -  1 .4  X  I0|4 
cm-  is  the  total  velocity-averaged  cross  section  |lb|  lor 


I  u.  4.  I  ruction  ol  helium  ions  loss  h>  recombination  in  a 
lie  lie  plasma  with  kTc  =  n.l  eV  as  a  function  of  electron 
density  tor  the  different  He  concentrations  indicated  at  the 
lielit  ot  the  plot. 

the  charge-l ransfer  reaction: 

He+(-S,  4  +  !lg(  I  SM)  ->  lle( 1  S(, )  +  I lg+(7p -P)  +  4/-.'. 

big.  4  shows  the  fraction  of  ions  lost  by  collisional¬ 
ly  assisted  (three-body)  electron  recombination  as  a 
function  of  the  electron  density,  for  a  plasma  with 
ATC  -  0.1  eV.  for  various  llg  concentrations.  Electron 
densities  up  to  1  X  1014  cm  4  arc  considered.  Larger 
electron  densities  are  not  of  great  interest  in  the  case 
of  a  evv  Hg+  laser  operating  at  6140.0  A  because  the 
upper  laser  level  would  be  strongly  depopulated  by 
superelastic  electron  collisions.  The  atomic  tempera¬ 
ture  was  chosen  to  be  1000  K,  since  there  cannot  be 
a  large  temperature  difference  between  the  electron 
gas  and  the  parent  gas  in  a  beam-generated  plasma  [10|. 
For  llg  concentrations  X  1 0 •  cm  4  electron  re¬ 
combination  losses  ol  He+  are  small  (■OO'.l)  for  elec¬ 
tron  densities  below  I014  cm  4 .  If  the  llg  concentra¬ 
tion  is  decreased  recombination  will  be  an  increasingly 
important  loss  mechanism  of  lle+  ions  and  the  effi¬ 
ciency  of  the  laser  would  decrease.  However,  it  is  im¬ 
portant  to  notice  that  the  Hg  vapor  concentration  can¬ 
not  be  arbitrarily  increased  since  Hg  lias  a  total  ioni¬ 
zation  cross  section  peak  value  more  than  10  times 
larger  than  He  and  the  amount  of  electron-beam  power 
loss  in  electron-impact  ionization  and  excitation  of  Hg+ 
would  also  limit  the  efficiency  of  a  charge-transfer 
pumped  He  Hg+  laser.  The  conclusions  of  fig.  4  can 
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1 1 s* i  he  applied  tu  oihei  Me  melal  vapoi  ion  lasers. 
Sinee  the  llieimal  ch.iiye-l  i  aiislei  cross  seel  ions 
between  Me*  and  Me  is  t lie  laieesl  meastireil.  the  icla- 
[  ivc  i m pm  l  a i ice  ul  elect  ion  iccomh ina non  as  a  loss 
niecliaiiisin  ol  Me*  islaieei  inolhei  systems,  and 
..in  he  the  main  loss  i  liannel  to:  Me  *  ll  the  metal  vapor 
O’lkcnti.tiion  is  low  (■  s  •  It'14  cm  !  I  when  the  de¬ 
vice  is  opetaicil  at  lue.lt  election  ilenstties. 

In  siinimatv  .  we  have  measineil  the  electron  lem- 
peiatme  o|  the  tmmeroiis  low-eneiev  electrons  m  both 
lonettiiilin.il  .ni  l  tiatisveise  election  beam  cieateii 
helium  clow  dtsih.nees  usine  line  intensity  tatio  ol  the 
2s  S  up  'I*  lie  I  senes  Hie  meastireil  values  ol  k  l\,  in 
both  itisi. h.t'ves  wcic  stmil.u  ami  he  between  0.07  ami 
0.1  I  v\  Iliese  lots  elci  t  ion  emu  eies  ate  I  \  pical  ol 
eh  . tin  liehl  lice  plasmas  i  lealeil  In  election-beam 
e\i  1 1  .ii ton  \t  Inch  eles  1 1 on  ilensit ies  ami  low  metal 
vapoi  oin i  in i.it ions  ilnee  hoilv  lecomhmation  com¬ 
piles  wiih  i  ha i ee  i ansi ei  as  i lie  mam  loss  channel  ol 
hii  t  lei  e.is  ions  in  .  w  elect  i  on  -beam  pumped  metal 
lap'  u  laseis 
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1-W  cw  Zn  ion  laser 

J.  J.  Rocca,  J.  D.  Meyer,  and  G.  J.  Collins 
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We  have  obtained  1.2  W  of  cw  laser  power  on  the  491 1.6-  and  4924. 0-A  transitions  of  Zn  II  by 
exciting  a  He-Zn  gas  mixture  with  a  dc  glow  discharge  electron  beam.  In  addition,  0.25-W  output 
power  has  been  obtained  on  the  6149. 9-A  line  of  Hg  '  using  the  same  excitation  scheme.  The 
combination  of  electron  beam  ionization  of  rare  gas  atoms  and  subsequent  charge  transfer 
excitation  to  metal  ion  levels  is  shown  to  have  the  potential  of  significantly  increasing  the 
efficiency  of  ton  lasers,  cw  multiwatt  visible  and  ultraviolet  ion  lasers  operating  at  efficiencies 
•  10  1  appear  feasible  using  this  excitation  scheme 

FACS  numbers:  42.55  Hq,  42.60.  By 

We  have  obtained  1.2  W  of  cw  laser  power  on  the  lar  to  those  employed  previously.1  *  the  main  difference  be- 
4'M  l  h-  and  4924. 0-A  transitions  of  Zn  II  by  exciting  a  He-  ing  the  use  of  two  glow  discharge  electron  guns,  one  at  each 

Z n  ’as  mixture  with  a  dc  glow  discharge  electron  beam.  end  of  the  plasma  tube,  as  show  n  in  Fig.  1.  These  glow  dis- 

Wtth  the  same  excitation  scheme  0.25  W  of  cw  laser  radi-  charge  electron  guns  produce  well  collimated  dc  electron 

at  ion  on  tin  0149. 9- A  line  of  Hg  has  also  been  obtained.  beams  at  energies  between  1  and  6  kcV  and  at  currents  up  to 

[  his  represents  an  order  of  magnitude  increase  in  the  output  1  A.  They  have  been  described  in  a  previous  publication  ' 

power  previously  obtained  from  these  metal  vapor  laser  The  use  of  two  electron  guns  doubles  the  available  electron 

transitions  and  is  the  first  time  that  metal  vapor  ion  lasers  beam  power  and  also  increases  the  uniformity  of  the  electron 

have  operated  sW  in  the  visible  region  at  a  power  of  I  W  beam  created  plasma 

I  he  laser  designs  used  to  obtain  these  results  were  simi-  In  the  laser  setup  of  Fig.  lial,  the  two  50-cm-long  clcc- 
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tromagnets  that  help  to  confine  the  electron  beams  are  sepa¬ 
rated  from  each  other  by  approximately  2  cm  to  allow  the 
introduction  of  both  metal  vapor  and  helium  into  the  middle 
of  the  plasma  tube.  Both  ends  of  the  plasma  tube  are  connect¬ 
ed  to  a  vacuum  pump,  allowing  for  continuous  gas  flow. 

Using  this  experimental  setup  and  internally  mounted 
2-m  radius  of  curvature  mirrors,  we  obtained  0.25  W  of  cw 
laser  power  on  the  6149. 9-A  transition  of  Hg  II.  The  vari¬ 
ation  of  laser  output  with  electron  beam  discharge  current 
and  voltage  is  shown  in  Fig.  2.  The  laser  output  power  in¬ 
creases  linearly  with  current  and  no  saturation  was  observed 
up  to  the  maximum  current  investigated.  The  output  coupler 
in  this  case  had  94%  reflectivity  at  6150  A.  The  optimum 
operating  conditions  were  1.5  Torrof  He,  a  Hg  source  reser¬ 
voir  temperature  of  1 30  °C,  and  a  magnetic  field  of  3.2  kG. 

Placing  the  metal  vapor  source  reservoir  in  the  middle 
of  the  plasma  tube  helped  to  provide  a  more  uniform  metal 
vapor  distribution;  however,  the  reduction  of  the  magnetic 
field  in  this  region,  owing  to  the  separation  of  the  electro¬ 
magnets,  caused  part  of  the  electron  beam  to  collide  with  the 
plasma  tube  walls.  To  reduce  electron  beam  power  loss  in  the 
Zn  II  laser  experiment  we  used  the  setup  shown  in  Fig.  1(b). 
In  this  scheme  the  metal  vapor  source  reservoir  was  at  one 
end  of  the  plasma  tube  and  the  vacuum  pump  connection  at 
the  other  end.  High  purity  helium  was  introduced  into  the 
electron  gun  chamber  at  the  reservoir  side  to  assist  in  the 
distribution  of  Zn  vapor.  Helium  was  also  introduced  into 
the  opposite  gun  chamber  to  permit  the  control  of  the  pres¬ 
sure  for  optimum  operation  of  the  electron  guns.  The  glow 
discharge  electron  guns  used  in  this  experiment  had  alumi¬ 
num  cathodes,  just  as  the  ones  described  in  Ref.  3,  but  had  an 
8.5-mm-diam  optical  path  through  the  axis  to  allow  better 
use  of  the  active  volume  and  to  diminish  diffraction  losses. 
The  optical  cavity  consisted  of  two  4-m  radius  of  curvature 
internally  mounted  mirrors.  Reflectivities  were  R ,  ->  99.8% 
and  R,  93.5%  at  4920  A.  Using  this  laser  setup  we  ob¬ 
tained  1.2  W  of  cw  laser  power  on  the  491 1  6-  and  4924. 0-A 


transitions  of  Zn  II.  This  output  power  was  obtained  at  a 
discharge  current  of  1.7  A  and  a  total  discharge  input  power 
of  3.5  kW.  The  optimum  helium  pressure  in  the  plasma  tube 
was  3  Torr  and  the  magnetic  field  for  maximum  output  was 
2.9  kG.  This  output  power  is  30  times  larger  than  the  highest 
cw  power  obtained  with  hollow  cathode  devices7  and  also 
represents  a  18  fold  improvement  over  our  previously  re¬ 
ported  value  obtained  with  electron  beam  excitation. :  The 
efficiency  is  0.034%  and  is  over  eight  times  greater  than  that 
obtained  ii>  hollow  cathode  lasers.7 

We  consider  that  even  larger  improvements  in  the  out¬ 
put  power  and  operating  efficiency  of  electron  beam  pumped 
ion  lasers  is  possible  by  optimizing  the  optical  cavity  to  make 


VOLTAGE  (  kV ) 

1.6  2.0  2.25  2  5 


ELECTRON  BEAM  DISCHARGE  CURRENT  (A) 

MO  2  laser  output  power  of  the  ft  149  9-  A  Hg  II  transition  as  a  function  of 
electron  beam  discharge  current  and  voltage  Average  helium  pressure  in 
the  active  medium  was  1  5  Torr  Magnetic  field  3  2  kt  i  Hg  reservoir  tern 
perature  was  ItoY' 
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I  n  an  ■  1 1  "ii  beam  e\i  lied  noble  gas-metal  vapor  nil.x- 

lure.  ills'  ! a st.‘ i  upper  level  is  mainly  populated  in  thermal 
.  It  n  i  lie- 1 1  ai.'iet  ci  ’llisions  of  noble  gas  tons  vv  it  It  ground  state 
metal  vapor  atoms.  1  he  noble  gas  ions  are  created  dommant- 
1\  In  vluevt  Tectron  beam  ioni/ation  of  noble  gas  atoms.  We 
can  generate  electron  he  inis  with  an  efficiency  ,g  between 
50rT  and  SO'’;  using  glow  discharge  electron  guns. '  An  elec¬ 
tron  beam  of  energy  ■  0  5  keV  impinging  on  a  He  gas  target 
deposits  b() {"<  iif  its  power  into  the  creation  of  ions."  How¬ 
ever,  only  a  portion  of  that  power  /  will  be  deposited  into 
the  production  of  helium  ions  w  hen  an  electron  beam  im¬ 
pinges  on  a  helium-metal  vapor  mixture.  In  the  case  of  a  10 
to  1  partial  pressure  ratio  of  helium  to  metal  vapor,  we  would 
■xpect  roughly  half  of  the  power  to  be  deposited  into  helium 
ions  if  the  ionization  cross-section  ratio  of  metal  atoms  to 
helium  atoms  was  If)  to  1  /'  Consequently,  we  expect  that  the 
fraction  /  of  the  electron  beam  power  to  be  used  in  the  cre¬ 
ation  of  helium  ions  will  equal  309f .  Only  a  fraction  of  these 
tons  will  pump  upper  laser  levels  via  charge  transfer.  The 
noble  gas  ions  are  hist  by  diffusion  to  the  walls,  electron 
recombination,  and  charge  transfer  collisions  with  ground 
state  metal  vapor  atoms.  Thermal  charge  transfer  collisions 
have  a  large  cross  section  1130  A:  in  the  case  of  He  '  -Hg 
collisionsi. 1 '  Therefore,  at  metal  vapor  concentrations 
.  10'  cm  '  and  electron  densities  below  10"  cm  '  the 
charge  transfer  loss  channel  dominates,  and  the  fraction  /'of 
noble  gas  ions  lost  by  pumping  upper  laser  levels  can  be 
/•'  .()  S  In  summary,  the  overall  efficiency  D,  with  which 
the  discharge  power  is  deposited  tti  the  laser  upper  level  is 
then 

1)  K  I  /•'-().  1 5  12) 

I  lie  quantum  efficiencies  for  visible  metal  vapor  laser 
transitions  h i  2  4  eVi  excited  by  He'  ions  are  roughly 
10'T  I  hen.  considering//  0. 1  and  assuming  Hr  0.2 

we  estimate  from  l.q  ill  the  maximum  laser  efficiency  is 


w  inch  is  st  ill  ,  ",  i,l.  i  .il  ly  lug'iei  l  han  Che  elb>  k  i! 
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‘"i  '  :  V  in  Ill-hum  i  lie 'a  I  v  ,ip.  i  r  s\  stems  '  hi-  quant  urn  i-th 

>i  v  i/  tst*  3  .in.!  in  pi'u,  ii'le.  aicoriliiic  l.q  .  ellk  \  u 
■  ui  l  lie  v  i  unis  ot  (>'  i  -  >  o  •  lil  be  i  btained  m  in  elect  tot. 
"  am  excited  charge  ti.uistei  system  Mtiu  ugh  ilu-  ihov  . 

.  liciilatMtls  are  only  a  crude  estimate,  it  is  ele.u  that  the 
possibility  of  high  efficiency  is  based  on  three  important 
points  summarized  below  I  he  first  point  istltat  the  maturity 
’I  the  discharge  power  1 50*  \  NO'','  i  goes  into  the  creation  of 
beam  electrons;  secondly,  helium  ions  are  efficiently  created 
by  these  energetic  beam  electrons,  finally,  charge  transfer 
reactions  can  selectively  and  efficient lv  deposit  the  energy 
stored  m  the  rare  gas  ions  into  the  laser  upper  level.  I  or  a 
more  accurate  estimate  of  the  maximum  possible  efficiency 
of  electron  beam  pumped  charge  transfer  ton  lasers,  an 
elaborate  model  of  the  electron  beam  created  plasma  is  re¬ 
quired.  We  are  presently  working  on  a  computer  model  in 
which  the  electron  energy  distribution  is  calculated  by  nu¬ 
merically  solving  the  Boltzmann  equation  for  electrons.  The 
distribution  is  then  used  to  calculate  the  excitation  and  ioni¬ 
zation  rates  necessary  to  determine  the  population  in  the 
laser  levels  and  subsequently  laser  output  power  and  operat¬ 
ing  efficiency. 

In  summary,  we  have  obtained  1.2  W  of  cw  laser  power 
on  the  blue  lines  of  Zn  II  exciting  a  He-Zn  mixture  with  an 
electron  beam,  cw  multiwatt  visible  and  ultraviolet  ion  lasers 
operating  at  efficiencies  -•  10  '  seem  feasible  using  this  new 
excitation  scheme. 

This  work  was  supported  by  the  National  Science 
Foundation. 
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”ii'"ino  h.i\e  e\en  I.i i -'.'i  ' "".hi  Tii",'  | i.i i In  1 1 >i  imii/.ii 1 1 hi  (  i hi- 
m'i  |  Ik'l  1 1 1  \  .  llk'le  I'  Ilill  v  1 1  I  k  k’ll  1  1 1  M 1 1  /  .1 1  II  M I  111  ilk'  .iniml.ll 
iiik'l elcel  1 1 kle  i "ill*  M i  III  "si  l.ihli'li  .1  n[ .i Iii c  ibn  I  unite.  Ill  till# 
n.i.\.  .1  i "iiNti k Uni  tili'U  line  I  unite  null  ,i  leuitlli  u|  111  eui  n 
i  I  .Midi  i  IlC  I'llV  Ill'll  1'iMlll  1 1  |'li  nil  ki'il  In  ,ki  old  .It  It'll  III  I  111' 

i. itlnuli'  i.l.i  i  k  ij'.ki'  "I  ilk'  '.'li'i  Hum  eiiiiueil  tnllin\  my  ijihiklc 
i'"nii'.iiiliiu'ni  In  imn  .iiul  I'.isi  ik'iiii.iK,  I’l.iiik.illv  all  1 1 1  o  ills- 
ili.nu"  \'i  »1 1  aiio  I  .  Jii'P'  in  this  .ii  I  In  kl.'  l.ill  ii'pimi.  .ivalint:  .m 
.‘li'i tli’ll  iv.nn  ill  eneiLn  .ippi n\n:ule!\  i'i|n.il  |H<  ■  I  ill" 
i'l!!.;iu'  i, iihin.il'  ills unci i \  likii'"'  ilk  "loiimn  Iv.im  iiiu.mli 
tin'  axis  t  > t  i lie  ilisel i.n ee  \oiiime.  I  lie  hem n  ele.  1  nun  line  p.n  l 
"I  ilieii  eneic\  in  c\eiUnu  .nul  luin/ine  eullisimi  ,n  tlnn  i:a\ei 
nnv.iul'  the  .ipp.niie  e.ithmle  'iirl.iie.  I  lie  Iv.iiil  eleetu’it'  me 
ilien  lelleeieJ  In  ihe  eleihie  lielil  in  llie  .'ppmue  J.iik  vp.ue 
I'l  Iii"  i ippi ''in.'  euik.iu'  ..ill.. k!e  '.ii  1  ,i. •.•'  .ilti'u  I'. 1 1  h,.||i 
ill.'  1 1 a p| 1  m l!  |'|  .mil  f.kU'iip  uT  ilk-  hemn  e!e.i:"ii'  ,in,l 
i"ti'ei|iienih  ellkk'it!  ik'pi"itiun  ui  hemn  eneiev  1 1 1 1 . <  iiie  e.n 
niiMuie  ik.ni'  lh.  ele.ii<"!  beam,  elik  1  iml.il  k  a  1 1\  n.ippe.l 
m  i Im  urn,  ,  i  le.in-'  .i  b,  pin  pbi'in.i  util:  l lie  ,  ie.n  I'm  null  ks  .n 
'Innut  in  lie  b  i  limi'Sei-.  I  neb  nni.ie.  eluw  di'i  bm  ee. 
I:''-  'veil  . >bi .liii.kl  ii  tin-  p.i'i  |'|  .  |  iu|  in.  iiinii.ii  iej,ni.|ik'' 
b  ii  n  ’’  .I'U.'i  '■  .  el  'il.-  iii.ik  •  ■ . i ! s  .in.)  urbu  i;  .iili'U'ne  !-'■ 

"t  ■'!.!' i  ■  .mi’ii  .  ■'  1 1  mm  e.i:,’!.' 

M.  I  1  ".  ■  I "  "  V.  .('  !l|!  1  I  III 1  I  I  I  r  1 1 1  '  lb,  iii'.1..:  .  ;  I  I’e  ;n 

lie  i",  ill'  l  i>  1  .’..In.  ii  II  -  1" .  Ill  .  e  'i  .  ,1 ,1 
•  1  ■■  1  I"  I-  .:  U  •  '.I  l  i  e  'll  "  -Ill  11'  St  »  \J  •  i  I 


AKAflEMIIfl  H  A  y  K  CCCP 
CIIBIirCKOE  OT^EJICHIIE 


H  3  A  A  T  E  l)  C  T  n  O  cHAVKA* 
CHEIIPCKOE  OT,1E.IEfllIE 
IIoBOcnCiipci;  •  1084 


j-.'JidXd  J  N  JIAINH3 AOO  IV  UiJIUJOddJb 


A  K  A  A  G  M  II  fl  II  A  y  K  C  C  C  P 

CIinilPCKOE  OTAFJIF.IIHE 

ABTOMETPIIfl 

a:  i  ' 

OM3HKA  OnTlIlIECKHX  KBAHTOBBIX  TEIIEPATOPOB 

YAH  C2I  >78.3 

A'/K.  a>f.  pokka,  r.  ajk-  koxiiih3 

(Uo.topaOo,  Clll  A) 

y;ibTPA«l>I10JlGT0BUE  IlOllllblF.  JIA3RPM 


IlBe;ieniic.  B  iiacTowupp  ltpo.Mii  noimi.ic  jiaaepi.i  hh.tjiiotoi  naiioonec 
Momiii.iMii  iicTOMiuiKiiMii  KorepeiiTiioro  iianyienmi  u  yjii>Tpa<f>iioneTOBoii  (Vd>) 
oo.’iacTir  cnoicrpa,  pam/raioimiMH  n  nenpepuBHOM  poaamc.  B  dtoh  oo.’uicth 
ciiiMirpa  oniicano  Goaee  era  naaepiibtx  nepexoAon  lionon  c  caMoii  KopoTiioii 
A.iimoii  noaiii.1  22'i,2  iim  lia  nepexoAO  Agll.  I  fa  pne.  1  ;ianw  aaiima  luiaii 
n  moihiioctii  nan  mure  ryinecTiipniibix  nepcxoAOB  VO  nomibix  a  are  poo. 
IlpiiBOAeiiw  moihiioctii,  AocTiiruyTue  b  ncnpopbiniioM  ii  KnaaimenpepbinuoM 
pc/KiiMax  nan  a  peiKiiMe  a  mmibix  mmynbcoii.  MiioroKpanio  iioiiiiaoBainibie 
aTOMbi  (iiiaropoAiiwx  ra.rou  oGecneniBaiOT  caMyio  Bbicoi.yio  moiuhoctb  hc- 
npepbiBiioii  rcnepaumi,  nanpuMop  Gi  Bt,  npa  OAnoBpoMCHiioii  renepannu 
;iami  bo.hi  351, t  n  3(13,8  iim  auiinii  Arl II.  BoJiee  nn3Kiiii  noporoBbiii  tok 
n  Goacc  i.opoThan  A.rnna  noaiiu  renepartim  no.iyncuhi  na  nepexonax  oaho- 
i.paTiio  noiui.iouainii.ix  napon  MerajuioB,  B03GyiKAacMi>ix  b  paspn^ax  c  no.ibiM 
KaToAOM.  reuepaunn  iiomioro  jiaaepa  b  YO-oGaacTii  na  peKOMoiimipyiomeu 
n:ra:iMO  nao.uoAn.racb  to.ti.ko  b  minyabci/ou  peiKime.  Jlaiepw  na  aino- 


ronpa  tjio  iioiiinoiiaimbix 
otombx  G.T.uopOAnoro  ra3a 
i  eiicpnpyioT  ii  ltanyyMiioe 
y.ii.i  pnijiiio/ierouoo  ( BY<D) 
n  uyieune,  no  n  nacTonmec 
nppMii  —  tojii.ko  n  iiMiiyai.c- 
iio.m  ppii.n.Mo. 

llnaic  GyAOT  Ann  oGaop 
paooT  iio  nnniiMM  a.nepaM 
n;t  niiepnioM  rare  c  paa- 
iniAoM  n  noio'.KiiTeai.noM 
croaGo,  c  iioaum  kutoaom 
na  iioiiav  Mpranna,  luinyai.- 
ciiwm  pi'iioMomiauiioniibixi 
non  it  f. i  m  naaepoM  it  aaae- 
p.iM  na  MtinroKpnTiio  nonii- 
30Banm.tx  otomox  G.iaropoA- 
noro  raaa  n  nanyyMiioM 
yai.Tpaflmoae  ioiiom  anana- 
aoiio.  IlpAamio  iipoAPMon- 
n  pnponaiio  iicnoar.3onaiuic 
• 

Pur.  1.  IIan<>o;ioo  rniLiiwc  jiit- 
nmi  Honnux  y^-nmppon  no- 
jjnppwnnoro  n  EnaniineiipcpuB- 
noro  ^PHCTnmi: 

rn  imiman  .'iiiiiitri  —  ncnpcpi.iniinn 
ywnmocib'  mTjnixor.n-.i  —  irnn-imic- 
npi'pi.ir.iian. 
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0,5  -4 
a 


0, 


Ar  Ji; 


o 3658  hm 


a  55  M 


,2-j  □  533,6  ^ 

7>0  -  t?O0  !>  2" 

0.33”d 

0,05  L — r — j — ;  r  r  r~>'T 


C 

;o4 

1 


jliiQMemp 

Xanana 
:,7  vm 


W 


5 '  '  '  to" 


j,  A /mm7 


/’«'■  3.  Iui:)i|m[iiiiuii>mt  yriuiciiiin  c.iafioro  eitnia.ia  u  nuxoanan  moiuiiocti,  noiiuoro  y<P- 
a.iacpa  Kin;  <|>vhi;iiiiii  p.i:ipii;inoro  Toi.a: 
n  —  N'clf,  b-  Krill,  r  —  Arllt,  it  —  Xclll  U). 


ivick i poll noro  iiyn.a  iioeroHimmo  ioi,a  ;um  iioaoyn.acinifl  iiomioro  aaacpa 
iieiipcpMiiiiom  ;ic‘iicTiiiui.  ,'Viot  noiu.iii  Moxamia.M  iioaoyicacnmi  iioar.oaiicT  no- 
.’lyiuri,  fioace  iii>icni;yio  :><|m]>ci, 'rummer  i,  n  Kopori.yio  (DV<|>)  aanity  isoaiiM, 
iio.iiomv  m iii  laiwi.c  nocyaiiM  ary  imityin  ruaiy  Hoaoy.uaeiiiui  aaa  nomii.ix 
aaaepoii  iit’ii | >«.> pi.i luioro  ai’iirriiua. 

V.ii>Tpat|>iio.ieroiti,ie  nomiiac  .inacpi.i  iia  iiiic|»tii«m  ratio.  Duopiii.ic  ncii pi*- 
fiMHiim'  naaopiino  V(l>-n:sayioiino  fii.iao  iinayicim  llaniiaiieim.H  ill  n  HHiti  r. 
On  aa [>criicT|Mi |>m:i) a  iiiayicimo  aaacpa  na  .Wll  (222, i  n  227., S  iim).  Ai  l  1 1 
(•>•>1,1  iim)  ii  Krill  (;::>(  1,7  iim)  i i |m  tiii.t  or  2a  a<>  <Sa  A  n  paapiiaimii 
Tpyoice  c  HiiyipcmiiiM  ann.MorpoM  mm,  :><|m!>i’k tii miiirr  aaima  Koropoii 
r>(>  cm.  Ilaaiiiiiicii  no ryiiia  moihiiocti.  aaacpa  a  iienpcpumioM  pcaaiMo  (1,1’.  Dr, 
•  Id  ii  12  mDt  a-HH  nopexoaoii  Krill,  \<  II  ii  Arl  1 1  oooritcTcTHeimo.  Ii  l()li<S  i. 
<I>t*a.'i ii  [21  iipomvi  imaponiioc  iiccaoaoitiiiinc  .iniopimro  V<lMiaayioniiii  iioiui- 
.aoiiaiiui.ix  ra.aoit  Ac,  Ar,  Kr  it  Xe,  naMopii.i  ko:m jn|m i ui <•  i it  yciiacniiH  n  moih- 
iiocri,  cna i.iiciitimx  .iiimiii  iii.iyioiiiui  aaacpa,  h  imropoM  itcnoai.aonaaaci, 
cc‘i;niioiiiiponaiiiia>i  rpa<(>iiToita>i  rpyoi.a  aaimoii  22  cm  c  iinya[UMi  ii  ii  m  ana- 
Mcrpo.M  1,7  mm.  Arn  poayai.Tari.i  iipiiiicaciii.i  na  piic.  2. 

Dance  ii  apviia*  1 2  ]  iiojiy ■■  ii.'i ii  Mniipinrn,  aaacpa  nciipcpi.ir.iioro  aeii- 
ct  ii  it  ji  cum  i  iic  1  l)r  ii  pit  oanoitpc.Mciiiioii  rciicpamiii  ua  iicpcxoaax  Arl  1 1 
Dial, I  ir  202,2  iim)  ii  Krill  Dial  1,7  iim)  h  i pyoi;c  na  naaitacimi o  Kitapna 
c  any rpi’iiiiiiM  anaMoTpoM  12  mm.  ,'lariiMcp  Ml,  a  rair.i.e  Dpna-Kcc  ii  Mep- 
ccp  la]  coofiiniian  o  moiiiiioctii  iiciipcpi.miioi o  aaacpa  - —  1,7  n  2,2  Ur  a  or 
Ji  it  ii  1 1  ii  Arl  1 1  cooTiicrcTiiiMiiio  npii  iiciio.ii.aonaiiiiii  paapjiaiiux  rpyi'oi;  na 
in>ai>i|>paMoitMx  anci.-oit  c  Ma.ibiM  miy  i  pcimiiM  anaMcrpo.M  ( \  ii  2,2  mm1. 
II. i  pile.  2  npcac  rait.iciiu  pc  ivai.ia  i  m,  no  lyiciim.ic  Dpn.uKccoM  ir  Mcpcc- 
poM.  OillI  coofiiniian  oi>  ai|>ij>ci;riil!iinr m  nopiiann  I  ■  III'1.  Di.ixoam.lc  moih- 
tiocrii  . taacpoii  ii  htiix  ai.ciicpiiMcinax  ii  ociiohiimc  xapaua cpiicTinai  paapna- 
iii, iv  Tpyooi;  anaaoni'iiiM  ccpimm.iM  paapnatiMM  TpyouaM  ltciipcpMiiiiMX 
hoiiiimx  aaaepoii.  Komptae  iipiiMciDiioroi  ii  iiaciomncc  iipcMti. 

A 
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15  I97ti  r.  Tuo  u  .ipyrue 
[(!]  ;inc  riir.iu  aiia'in  ic.n.iio 
fiu.n.umx  ni>ixo;(iu>ix  Moiipm- 
rnui  .naaepoit  c  paapii.yuoii 
rpyoKoii  li  t  no;u,(})paMt)»i.ix  jui- 
ci.ob  c  nuy  rpcumiM  :uiaM('rpoM 
11!  mm  ii  ;(.iiiiniii  l."i  cm.  < >iui 
iiojiy'iii.m  cyMMapiiyio  moiii- 
iiocti.  MJ  Hr  na  jiiiuiinx  Aril [ 
upn  paapnanoM  toko  /i8.">  A; 

.V>%  MmnnocTii  oi.i.io  naii- 
,ioiio  ua  .’iiiuiui  n m, 

a  ocTuunuan  —  na  iiupoxo.ro 
•Vi  1,1  ii m.  Kpoxie  Torn,  oim  co- 
ofiiiui.nio  aaaepax  noiipcpi.iii- 
noro  .u'iicTumr  c  moiuuocti.io 
nopji.IKa  7;  1,(8  u  0,1.7  Hi  ua 
V'l'-iiopoxo.pix  Krill  (870,7  n 
: 57n/i  hm),  Xi*1  1 1  (078,1  i, 

07/i,(i  hm)  ii  .Nell  (002/i  1 1 m ) . 

II,  liaiconon,  JIiouii  ii  apyriiu 
[7]  ii  1077  r.  coooiun.ui  o  ea- 
Moii  m.icoKoii  n  liacrmnuee 
ItpOMIl  MOIUHOCTII  III'lipepi.lBIIO- 
ro  V<I>-aa  u‘pa,  uoTopyio  uo.’iy- 
'iiijiii,  iicnoai.ayji  cui;i(iioiiupo- 
uaiiiiyto  MOTaa.iii'H'CKyio  paa- 
pii;wyn>  rpyoKy  c  niiy  i  pon hum 
anaMcrpoM  12  mm,  ii  annnixiii 
ua  ui'pcxoaax  Aril  I  0571,1  u 
0(i0,8  1 1 m  )  Moiuiiorru  (il  Hr. 

15  Tafia.  I  u  ua  puc.  \  upunc.uMur  pv ayai.iavi.i.  ut'.ry'uui.i.u-  .lioun  w  .\p\n>- 
m ii  aau  Arl  1 1  u  Krill.  Hi.ixoaiuui  MOiUiiocii.  yiuMU'iuiia.i.n-',  fie  i  mu  i.iiiu  uim 
ao  MaKciiMaai.iio  nu.iMoaaioio  pa.ipu.ruoi  o  mi, a  ~ 'iSO  A.  am  yi.a  u.m.:,  ua 
io,  'i  ru  aau  fioai.uiuunna  ^  •I'-.iiiuiiii  no  sMouaii.i  fio.iuniii'  m  i\o  mi  m  ■  •  •  •  ■ :  i 
iuk’iii  1 1 pii  fioui.mux  u.ummcTjix  patpuauom  mi, a. 

ilpu  pafioTi*  r  iiMiiy.ni.ciiMM- pa.ipn.ioM  |8|  (j  c.2  ".I  mi<'  i, 

aaara  pocr  .MnKCiiMa,n,noii  moiuiioctu  upu  ync  iu'iimiiiu  ii  mm:.  .  in  im  .  i 
uoro  iok.i  j  ao  HC.IU'liilll.l.  uoTopall  ua  iiopu.roi,'  fio.n.iin  .  m.-m  n  ,i.i  ■  .  |.:i i, 

•  Iio'iu  ii  apyrux.  H  uacTiioc  i  ii,  a.'iu  1 1 1 1 1  ii  1 1  Ail  1 1  .571.1  um  m.,imh,,,i.  ■  ru 
iiyui.ruou  praaiMr  cocraiiajiaa  l  i.Hr  (}  •  ••  7200  A -cm  .  Ii  n.  I. .  ,u  -I 

I  Ion  in.io  aaaepi.i  na  napax  MCTaavia.  lie-  (  AT -.i.iarp.  i  ••  m.i,  ■•  u 
ui'.iaiincii mo  1  oaaroopo  110)  no.iviu  lit  i iiicp.iuuio  r  m.i; | u  | . i  ii  imm  p. 
n  (.dll  ua  .'in  min  /.  .!2.i,0  um.  l.u.inacr  :apn  m  i  piipnn.i  i  i . .  i .  i  u  • . .  1 1.  i 

ua  (.’Menu  lie  — -  ( ,<|  n  pa '.pn.nioii  ipyoia'  an  a  mct  p. .  m  i  mm  ii  i  mn.  m  1"'  •. 

l'o.i.icfiopo  111]  uo.iyiii.T  moiuiiocti.  20  m]!i  ii  ipyfii.-r  i.i.mm  i  |...m  i 

ii  a.iuiioii  11.5  cm  upu  toko  —  I  111  m  \  ii  ;iai'.Trnmi  i.'  iim  i  i.,|. 

(.u.iiiacT  [12!,  I'.ii’ayji  Mcfifiy,  upr.iao.iai.i  p.-ai.imi..  I  |.  n m  n i  a 

1 1<‘ * 1 2.s-  IS’/  -1-  (71  -  Hr  1  (71*1.7,  /Ii  I  ,  •  \ 

aau  iiii.ifiy ayicmiM  nopximx  aa  u  pui.iv  vpoiuiru  7/  l>  u.  p.  • .  r  ..  , 

II I, 0  um  ii  oi.iripi.ui  pi ; u i ; 1 1 1 1 1 < , 1 1 1 1 1 , 1 1 1  p.icoa.i  no  v.pi.ui,.  pa  .prim  imi.r  N  • ! , 

llupexo.iaM  It  onioliuor  cocmimiir  noun  i.ai,  npoiircc  ;u  in ,  :fi\  a,  M  a  imi  u 
mix  .  lairpu  i.i  \  xpmiucu  •  >/)/'.  ’li.ciirpuMi'ii  i  i.i  |fi,  i  iiiim.i  il  0.  Hififi.i  I  . 

Illupi'pa  ii  I  la.ioua  mi  j  I . ,  1  n  (  ii.iuaci.i  I  l(i|  uni  i  uepa.  in  i. ,  i  ,i\  <  \ .  •  m  x 

oyuyuMiun.  0,(uai;o  ;iimo  ii  tom,  m  to  oi.i  i.i  toium*  iioi\.|.  u,i  iritip.irmi  i., 
arpa  (upu  lopa.iao  m«mi i.m< ■  ii  moiiiiioctu'  ii  \<-  (71.  V  (.1  n  \.  i  ! 
fM(*rii\  1171.  .’Im  yr To.iaiiiri  iipociyi,.  i.apiutty.  r.  i,..i.>]>.>ii  n:i„nm  10  n 
uiiiua  iiiiajiotch  rauiirniruiiwM  Mrxaiiu  imom  no  ifiy  .n.iniiiii. 


T  a  fi  a  ii  u  a  1 

yai.Tp;u|)iio.icT«Ri,io  >’ <l>-.Ta:icpiii.io  ncp<>\o;ti,i  n  nc- 
upcpi.iiiiiOM  p<  ;kiimc.  llaMcpciinaii  moiuiiocti,  > 
aepa  upu  MaiaiiMii.u.iioM  loia*  lUTo'imn.a  itnxa mill 
i  7 HO  A  (.uiaMcrp  paapuaa  12  mm,  a.niiia  pa  ipu  ia 
1,7  m,  aauacimc  raaa  1,2.7  Top  ,ian  Ac;  1.2  Top  ran 
Kr  [7|l 


Ill'll 

71-  r  if  no 

III  1. 1  lll>( ,  UM 

M(  IIMloi'Tli. 
1*1 

/Ci  t 

flU-  UT  I'T- 
p;t  ;<C«'I  i  ll  :I 

n  i.i  x*  »;x  p  i«  >  r>  ■ 
■irplM  in, ", 

O  ru  m 

ii*.  n.M  i.iii 

Arlll 

3(13,7 

01 

os  1 

at* 

3.71,1 

.r>o 

33.7.8 

2.7 

Aril  I 

323.4 

17 

07,  .7 

\  'i 

333,0 

:>(i 

3U,7,4 

|  '.I'l 

Ail  II 

3o2.4 

» 

;« ill.  2 

j 

.  i.  > 

Aril! 

27.7,4 

n, » 

loo 

Krill 

3.711. 1 

l!l 

os 

• 

3.7U.7 

7" 

337.4 

Krill 

323. -1 

07, .7 

7" 

312,4 
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Pa.ipvC'wj  rriOK,  A 


JR,  A- cm  1 


/‘«r.  /.  .'S.iiURUMOc  rb  nM.voAiioii  JtoiuuocTii  Vd'-aaaepa  P , 
n,i  eaununy  a.tiihm  pa.ipn.ia  ot  npou.tBe^cniiti  iijiothoctii 
Toua  na  paanyc  ipyCiiai: 

<i  — aniiia  do.tiim  <310  iim,  ana'iorp  paaptiai  12  mm,  aanai'- 
iiiic  raaa  imTii'urmpon.ino  a.ia  naaaorn  3iia'icmm  Tona  (7); 
i  —  a.lmia  bo.iiim  ,-310  mm  1 7 J . 


Puc.  •?.  ni.i\o;in;iH  moiuiiocti, 
y.iLT]>,ii[mo.iOTo noro  A li  1 1  -na - 
3ipa  («a  aiiHUHN  a. '>1,1  it 
303, ti  mi)  c  Tpyoicoii  113  auc- 

KOB. 


(Ha  Miiryiuai  aama  H.ipaM*  ipl.i 
Tpyiimi  (.'>!.) 


nninm  11  H.  1>.  YiiiiiKoii 


Banc  u  3iiniait  [171  otmctuau  yue.iiinoiuH- 
moihhocth  aaaopa  npn  yMom.meiuni  aauaenmi 
nnepTnoro  ia;ta;  Mexami.iMoM  no)oy;KaemiH  am 
Tauiix  oKcnopiiMenranMibix  ycaonuii  HBaneTctr  m- 
iiocpeacTiieimoe  CTo.iKiioneiiuo  a.iempona  c  aro- 
mom  uaaMiin  u  ocuouitoM  cocTonmm.  B.  C.  Aneii- 
1181  niMopnaii  uo.imuoo  iioncpe'iiioc  ccienno 
( 1  ..*»  ID  "1  cm"")  aan  ororo  npoHocea. 

Cobccm  lie, (anno  lpyima  yionux  113  IlaroiicKoro  yimnepemcTa  iiayium 
,MCNanii3MM  no  toy/K.iciiiiH  Ifo — Cd+-naiopa  nyTO.'t  Moac.mpoiianiiH  il  aitcuo- 
[iiiMoiiTa.iMio  11!),  201,  a  thkikc  3acc.iciuiocTb  uepxnero  vponini  liepexoaa 
b  CdII  na  t.  —  ii  1  ,(>  it m  .r.s-  7)vs.  HpcAHo.iaraeTcn,  mto  paCMOTM  ao.'ih;iii,i 
fii>m>  BcpiiM  ii  am  nupxncro  ypouiui  5 s2:D3/2  minim  325,0  h.m.  ycTanonne- 
no,  mto  Moae.ib  GyacT  cooTiicicTuonaTi,  DKcnepiiMenTaar.iii.iM  ;(amii.nt  roabt.o 
n  tom  cayiao,  ecau  yiecn.  oGc  pcaioum  —  it  iloiiniinia,  ii  crynoii'iaToc  iioi- 
fiyiK.UMiiie  oieurpoiiaMii  iij  ociiobhoio  cocroninin  CtOll).  Ainopbi  [201  ;io- 
naaaaii,  mto  ociiohiiwm  McxawiaMOM  iiooGyajacniui  npn  ii.totiiocth  toicu  is 
nccKo.ibKo  MiiaanaMiiep  hb.ihctch  npopocc  IToiiiiimra  no  poaKnmi  1  n  mto 
iiponccc  CTyiii'iiMaToro  B03oyn;,(c>niiH  aaeiiTpomibiM  yaapo.u  iipeofiaaaaoT  npn 
fioaee  itbicoi.'oii  ii.totiiocth  Ttn;a. 


.la.topi.i  na  oaiioHpaTiin  iioiiuaonainiMX  htombx  napon  MCTaaaon  ii  yai>- 
Tpai|nio,icToiioii  oGaacm.  I’a.Tjmai.i  n  imaononoai.noM  c mafic  —  no  omohi, 
Nojiouian  aKTitiman  cpiyia  ;\a a  iionni.ix  aaacpon  na  napax  Mora.iaon,  t;ik  k.u, 
Te.vnc[iaTypa  :>  icm  poiion  omcmii,  or.icTpo  yMomaiiaoTCH  npn  yiioan'ionnii  ;ian- 
acnnn  napoit  MCTaaaa.  Oto  yGoanTcai.no  noKa  ia.'in  I'mo  ii  apyrno  1211  sio- 
to;iom  anoiinoro  :ion;(a  ii  ycaoininx  paapnaa,  TiiniiMiii.ix  am  lie— Cd+-aa - 
aopa.  Hx  po;iyai/raTM  npcacTanaciu.i  na  pur.  5.  Mcaoaci line  yKa.iaiiiioii  ni.nno 
npiiMiiiiM  naoniocTL  napon  MCTaaaa  n  TCMiiopaTypy  .•vtoicrponoa  iuMii.au 
mmiMii  niponan.  no:iannciiMo.  yMonianonno  TOMiirpaTypw  aacKTpnnon  iu.iai.i- 
nacT  rai»;nc  cnnn.onne  CKoporm.  nonii.iaunn,  mto  hii.uiotch  noaocTaTKoM  am 
GoaLUiiiiicTiia  iiunuux  an.irpou  na  napax  MCTaaaon.  Cxcmm  confiy/Kaoinm 


0 


dSN  JdXJ  IMd^NUJdAO'J  IV  UJJMUOHddH 


Pur.  TeMiicp;vrypa  anei.TpMiOB  i;ai;  ijiyni:- 
Him  .lanaciiiui  i;:i;im  11  >i  ( revnepaTypiJ  ni»in) 
It  Tilllll'ItIMX  ytVMHIllHX  lit*  —  Cll  *■  (l.l  lp)l  (.1. 
UlrpHXOMii!  /ttnim-il  uoi.w.aii  |n\.\ ii.t.-it.  ti'.i'iih.- 
-iriiiiuu  ii  j  iiii|iim  ^ojireaii  u  apyrnx  [_t| 

i.'ioKTpirrocKiiM  paapn.iou,  n  Koiopbix 
neT  3Toro  m-aocTari;.!,  omicaiibi  n  c.ie- 
,(yiori(nt  paa.rejiax. 

Honituc  .naaepw  o  no.iMM  khto^om 
»a  napax  MPTaaaoB.  l'aapn^  b  no- 
:iom  KaTo.ie  iimcot  Go.ioe  noAxo.imunc 
.xapaKTcpiicTiiKn  ,i-'m  roiiopannii  Jiaae- 
pa  na  cmocu  inicpTuux  ra.ioB  c  napa- 
■mu  MeiaaaiiB.  I’aapHa.  aano.iimionum 
uo.mii  KaToa,  nn.’UieTCH  n  ociiob- 
iiom  OTpHuaToai.iibiM,  no,wp;KnnaoMMM 
a.it'KTpoiiaMii  ny'iica  iibicoKoit  aiicpnui 
L — —  I  ■  15  pe.iyai.r.ire  G<i\iGapanpt>iiKii 

nonepxnocrii  i.ain.ui  inmaMii,  Gi.ic rpi.i - 
mu  iieiirpa.il. in, imi!  uaciiiuaMU  n  - 
iiaMH  aMiiTiiipyiuiTii  in  opti'mi.ie  a  im. 
ipom.i,  icoiopi.ie  aaieM  yciropnioTcn  u 
reMiioii  KaTG;uioii  ouaaCTU  n  (jiopMiipy- 
lor  Daei.Tpoiim.iii  nyioK  c  aiiepnieii 
J00---1OU  al>.  Mtii  (ibicTpue  xrcKTpoiibi 
moi yT  ailuJieuTiiimo  nomiaonaTi.  aro- 


TFMnPOan;  .pa  ne^j^C 


£aBrenue  xadMun,  top 


ml.!  u  paipnae,  co.t;tan,.;i  uorT,\o^mnyio  aKTiinnyio  cpe^v  a.in  nounux  aaaepon. 
11a  piic.  U  noKaaano  pacnpe^e.iemie  aiieprim  a.ieKTpoiiOB,  BbiBCAemioe  m 
ypamieimi!  Uri.ibUMiina  ;].m  n.icKTponoii  n  He— I Ig-pa;»pn;it‘  b  iio.mom  Karo.io 
iL’ilJ.  Ocnoniibie  xapaKTepiicTin;u  aroro  pacnpe.ie.icunn  xopomo  cor.iacyioTca 
c  iia.-irepeniiBMii  Fji.j.ia  ji  BcGGa,  nbiiio.iiieiiiiuMii  npit  iiciio.ib.ionaiuni  oneic- 
TpocTaTii'iccKoro  ana.inaaTopa  oiiepnm  I2'il.  O.ickt pom.t  n  nyiKO,  nona.ia- 
jiiipiie  b  oipiiuareabiibiii  paapn.T  rrpu  aiiepnm,  G.iii  i;oii  i;  el’c,  rjo  l'c — 


nanpn>!»emie  b  paapn.re,  tcphiot  aiiepnuo  boicactbiic  iieyripymx  u  ynpynix 
CToaKnoneiini'i.  Bo.ibuiuueTiio  mopuMiibix  a.iCKTpoiion,  noaiuiKiimx  no  BpcMn 


l^5N£) 
12  1l 


o  IOO  ?OD  ADO  3i'P/j,M9 


I'ur.  C.  Paciipi'.U'.'iciiiie  ancpriut  a.ici.Tponon  n 
lie  —  Ifu  pnapnpo  c  iio.ii.im  l.arono.M  niia.ircTpoM 
e,3  cm.  a-inrioii  GO  cm,  ni.i'mcjtrnnoo  no  ypannonnio 
no.ii.UM.iiia  p  in  a.ieiiTponoB: 

|.a:  pn.muil  TOK  10  A,  Il.lOTIIOCTb  He  1,2-10**  CM"3, 
na'.TiKi.  ti,  Htr  3- 1013  cm~  3  123J. 


ft  jKUttv  rr pvllJt  -..Vu 

<? *  ♦  W  —  H  t  ] M  ‘ )*  ’  CE 


He  *y  b,.0  *  Afl  —  Mf  'G0'i  *  (  A 1  *  ) 

Pur.  ?.  Cxcm.i  pcai.Hiiu  iiepc3a- 
pn.li.n. 


iSNJdXJ  IN  JWNHJAO'J  IV  (J  JJIKJUUU  JU 


not 1 1 i.ty ioihm \  CTO.'iKiioiKMmii,  odpaayioTCJi  npn  imnniii  anoprnn  127],  11  po- 
3y.11, Taro  moio  iiojiynaoxcn  paciipoao.ionno,  iioi.aaaimoo  11a  puc.  (i. 

1  loci, 0.1  i,i;y  iio.to  11  orpiinaTo.ii.iioM  paap»i,io,  iiojaopnainaoMoM  a.ioKTpo- 
ltaMii  iiyaua,  Ma.To,  to  on  oyaoT  .nonoe  'lyiicmirio.ion  1;  iia.iii'inm  uapon 
MOTa.'i.ia,  l.oropi.io  paciiM.’DiioTcn  c  K»To;ia,  110  cpaiinonnio  c  noaonai  io.ti.iii.im 
CToaooM.  Mm  jin.inoTcn  nponMyinocritoM,  Tan  k»k  iioitiio.riioT  jiynno  outhmii- 
aiipuiiuTL  KoiiuoiiTpaumo  napoii  Mora.iaa  Goa  peitKoro  yMom.inoimii  onopiim 
a.ioKTponon  n  oiiopocTn  iionniannn.  lio.ieo  roro,  kuk  itnopin.io  vKaia  in 
linaaoT  120]  u  Kapadyr  1271,  MaTopnaa  casioro  i.aToaa  mom, or  paoiu>i.T>n  i.cn 
11  pa.jpnao,  a  potyai.Tarc  0010  naiyiaioTCH  aiuMi.i  MoTa.i.ia  11  ociioiiiiom 
coctoiiiimm.  TaiaiM  odpaaoM  .Moan  10  ncnapim.  iieacryino  MOTaaaw  do3  w- 
noJiLaoitaiiiiii  110*111  11  CiiMopauorptMiaioinnxcii  pa:tpji;ion.  ;)to  cyinecTiiomino 
iipaKTii'ioCKoo  iipon.MyinocTno;  itiiepabio  0110  dwao  poaanaonano  a  aa.iopo 
CunaaaroM  11  apyiai.Mii  1 2<Sj  11  moaoitosi  iio.tom  KaTo;io  Jlfydoan  [2iti. 

liopxuno  aaiopiiiao  ypoiuin  a.iii  miiotiix  iiope.xoaoit  uapon  motm  t.toii  11 
paapnaax  c  noai.iM  uamaoM  aaroanuncH  11  poayai.TaTe  poainuiii  uopoaapiu- 
mi,  1,‘oropi.io  cxcmmtipiockii  npoacTan.Tom,i  11a  pnc.  7  11  aaiiuci.niaiomi  mu; 

ll+  +  .1/  ->  H  +  (,1/+)*  -r  A/:,  (!) 

1  ao  II,  li+  n  .V  —  aroMi.i  11  110111,1  dyi|>opnoro  vaaa  11  aroMi.i  Mora.T.ia  cooi- 
hotc ritoinm;  (M+)*  —  iioni.i  Moraaaa  11  ito:idya;aoimoM  cocroniiiiii.  0  i;om- 
poro  iipoiicxoanr  aaaopnaii  ronopanini,  a  A /*,'  —  pamooTi.  anopniii  mo;k  iv 
/f+  u  (,1/+)*  a  peahiiiiji  (I).  AyM’oiiaaK  c  coaRTopaMit  (.'■!()  ~  30],  a  Tainuo 
Tainixanm  1 A7 1  ncoaoaonaan  paaninni.io  omocii  Moiaaaoit  11  d.Taropo;tni>i\ 
laaon,  11  Koropi.ix  iipoiioxoan.io  iioadyn.aoiiito  iioiim.ix  yponnoii  noaoacTmio 
nopoaapjiann.  I IpiiMi'iiomto  patpiiawt  c  noai.iM  k.ito.'iom  aan  oo^iaimn  nn- 
nopciiii  aacoaomiocTCii  01,1.10  \iaao  pacnpocTpanono  ao  iox  nop,  nona  (I>ay.i  t 
0  eoTpyaiiiiKOMii  no  yniniopniTora  IOto  110  npoao.MoncTpnpoitaa  nnopnwo. 
'ito  nopciapiiai.a  l3S —  10]  .mo;i;ot  iipnitonn  1;  oo.toktiiiiiiom,v  lio.idyavaonino 
nopxmix  Jiaaopniifx  yponnoii  it  ycrpoiicTnax  0  noanaarroaiaii.iM  cto.ioom  pa  t- 
piiaa.  HccKoar.Ko  aoT  onyCTii,  iionoai.-tyii  noadya.aonno  11  pa  tpiiao  c  iiojiwm 
naToaoM,  liapadyT  1271,  Cyranapa  lltl,  lllvdoni.  1  Vil  11  iloncon  l  nl]  110- 
nyinaii  aaaepnyio  lonopannio  na  cmociix  lie  —  (‘cl *■  11  No  —  Zn+. 

Hnepni.io  00  imRopniii  .taco.ionnoorn  it  c.iyiao  to  ii.ko  uaioanoro  pac- 
nu.Tonmi  coodinn.iii  (auia.iar  n  apyrno  it  1071  r.  12N]  npn  lonopaumi 
(ail[-aa:»opa  na  7S0.S  iim.  Uepxnnii  aatoptn.in  ypononi,  ('.nil  CoaoKTiittiio 
aaciviaaoi  poaiauniMti  iiopoaapiiai.'ii  .'ioa,ay  iionaMii  itvinii  n  aTOMann  Mean. 
naxoaiiitiniiMiion  a  ociioiiiiom  fociojiiinii  11  no.iyionni.iMii  nyroM  pacm,i.ToiiM:i. 
Ilortanoo  it  i'i'i  — 11)1  01,1.10  coodinono  od  y.ii,rpa([ino.ioid!ti,i\  .Tatopni.ix  iiopo- 
xoaax  it  (.till,  Agl  1  11  Anil.  K  iad.i.  2  aan  1,1  anini.i  10.111  arnx  iiopoxoaou. 
ooo.oia'ionno  yponnoii,  in.ixoani.io  moihiiochi  .ta.topa  11  iiopomr.i.iii  roi;. 

Mc*raT.ii,i,  yKaaaniiMo  iti.mio,  nando  ico  iipnioam.i  a  in  ucno.ii.-toitaiiiii! 
n  .’la.topax  c  noai.iM  naToaoM,  iionai.ii.Ky  nro  01111  xopoino  pacni.i.uiiorcii  npti 
doMdapanpottia*  noiia.Mii  c  oiiopmoii  at!  I'wl.  r..io  umaro  11,110,  nyroM 

{MCiiM.ioinm  Moavno  noaynrn,  n.iornoni,  napoo,  \101a.11a  n  pa.tpn.io,  don,- 
inyio  11, in  paitnyio  Id1*  cm""  I  I <S I .  I,' po.Mc  toio,  ypoo.nn  mmoit  Mora.i  ia, 
aiiopriui  KOTopi.i \  cooTitorcTityoT  .no-pi  1111  nonon  imcpriiom  ia  ta  it  ociioiiiiom 
coc roHinin,  aacoanioTcn  poaiauiiiMn  nopo.tapnaini  l:,(l  2,(il.  ('.oitoi.-ynnoe  1 1, 

•  it  1 1  x  (|iai.'Topoit  odecno'initaoT  nyaaiyio  nnitopciiio  .laco.iciinocTcii.  Mna.o  pac- 
cMorpiiM  :ia:topi,i  c  iio.im.m  kuto.iom  11  xapaKiopnc  1  mai  nandoaot*  itaaau.ix 

.Tiiaopon  c  iioti.im  KaroaoMi  ,\o  — (ai+,  Mo  Ar+  11  llo  -An". 

IVoMCTpnn  .nucpon  e  iio.ii.im  naToaoM.  Jaaopnan  lonopaumi  01,1  a  a  im- 

•  lyiona  c  pa.tiioodpa.im.iMii  reoMOTpini.Mii  no.ioro  i.aToaa.  I  la  pnc.  S  npoa- 
('i.iii.ioiiM  pa  i.'iii'iiii.io  Ko!i(|nn ypannn  imnono'inom  ito.tdyaiaoiuui.  I!.  II.  llr- 
ooraoit  I  id]  n  Cmiii  la(l|  iim-pniao  11cn0.i1.3011a.Ti1  pa  tptia  it  iio.tom  k, ito. 10  c 
ainntm.iM  ito  ,dy ,i;aoiinoM  (na  pnc.  (i  no  nona.iano)  11  llo  No-aa  topo  na 
l.o  Mini.  Miioc.ioacrnim  liaiiop  1.711,  Itnaop  1721,  Kapadyi-  [271,  C.\ianap,v 
1  711,  Illydo.n,  I'i2l.  iloncon  IYM,  lliinop  |7.!|,  (aui.T.iar  l2Nl,  a  Taiawo  Aiix- 

•  lop  11  apyrno  17  71  npiiMriiiiaii  patpna  c  iio.ii.im  k.itojom  ,1111  ito.idya.aomiH 
•Ta.topoit  na  nonax  Moia.i.ion.  Mo.M.nmncvito  padoi  no  niyionnn)  aaaopoit 


JSMJdXd  .1  IV  OdJUUUUddtJ 


Pur.  8.  Komlinryp.imin  .lawpa 
c  lio.lbiM  koto.tom  c  iioiit‘pe,i- 
ii  bi  m  BOJoyiK.'icimeM : 

Tima  IHyOi.ni  (").  ii|i:iMuyn>.Ti.iii.iii 
miMinniii  110.11.1il  K.TTua  (b).  npyr- 
.T,i!  iuc.ii.  <i->.  Tima  iiiwiiiminaa 
lid.  1111.1MU  .inii.l.  n  m  _:iaT|iy;uu*n» 
in.iii  pa.ip.i.'t  ii  ).  am. ni'nimtuti  no- 
.ii.iii  Kama  (/>  >'  iipaMiivro.il. nun 
mi.'iuii  Kama  ill.  K,  ii  K  -  iiarn- 
au,  .I,  ii  .1.  aimai.i. 


•  mcnh 

'J  <  M  M 


nhiiio.iHcno  co  uio.icbum  no-  y//// /// r// // ,/7p?77m} ??? ~j  ^  —  ~  '•n. 

Kaxo;io.M  HIvucjih  c 

iioiicpp’iiibiM  i«o3oy;i«‘,lciine.M  //.  W.  /  °  °  \ 

i3)  w  mil.  o.  o.  c).  lap  j:  i§|3  o  Mm  ° 

Ha  |»iic.  !>  imiia  lam.i  \P  ° 

riiiiii'im.iu  rpa<imi;n  ho.ii.t-  ^  #  Vp  O J 

tiMiiepiiMX  xapaii lepue  rui;  '/  rv^<9  O  5/ 

c(>|H>r>|»nii.ix,  mivuimx  \/.PmlSAmy//M;. ,  ///A  (iT  - - 

it  ajiio.Miniiii'iiMx  meaeiu.ix 

no.iiiix  i.aroaoii  e  paa.iii'i-  f 

llbl.MII  CMOejl.Mll  f>Vti>opHMX  |AI 

raaoii.  (  .'leaver  oiMerinii,  — — |4—-  'M/ym 

>rro  Tpti'miamni  k  iio.ii.t-  II  J_ 

aMiiepiihiM  xapaK  repnc  tii-  o 

i.a m  iio'irii  rai.are  ;i;o.  mto  ,l  ‘"i  f  7 

ii  n  r.iv’iae  eepuiiuoio  a  a-  t,am  C\  '  //m/rn  ' 

.ip pa  iia  iioiiux  iiiiopTiioro  u  ;  -  V/y///v 

rasa.  Oauai.o  iio.inoo  anna-  HJ  v/yyyy. 

Mii’iecKoe  coiiporiiu.ieiiiie 
paipiiaa  c  iio.ikim  kutoaom 

u.wu't  itcer/ia  iio;io;Kinejn»iii>iM  it  iiii.ikiim  (<2(1Q),  tito,  yimwiian  imacnii 
yponcm.  nanp>i>Kciiim  iipooon,  y.Mcm.maer  iiecTauii.ii.iioeni  u  uenii  paapaja. 
Hoc  ii(iii(J)iii  ypaipm  aat'KipoaoM,  iipoACTaiuomn.io  na  pnc.  7,  oy.iyr  pa  Gorin  i> 
n  ponuiMo  nn.ioro  Karoaa  to.ii.ko  b  tom  e.iv*iao,  ec.iii  oo.iacm  oTpiiuaic.ii>- 
iioio  riie'iLMiiui  or  iipwniBoiio.'io'.i.ni.ix  iionep.\iioereii  Karoaa  co.ii.iotch  nan 
IICPCI.'POIOTCH. 

No  —  (!u+-.iaaopi.i.  H  paapjiaax  c  iio.ii.im  Karoao.u  n  CMoeu  No— r,uJ 
yponiiii  -ul Ms  Coll  aaco.ioiiw  poaKuiwiMii  iiopoaapnai.n  Mo.i.ay  aroMa.Mii  mcaii 
ii  noiiaMii  iiiioprnoro  raaa  n  ociiobiiom  coeroiniim.  I!  rail.i.  2  taiii.i  ohmi.i' 
eii.ihiiKie  nopovoai.i  Cull.  Ila  pue.  1(J  aoMoiicrpupycTCH  ccaoicTiimioeTb  exo- 


nonbiu  - 
tamed 


" G*rc 
Hje 


Cut^nem  t> 


T[  Ltrwrrr*  ■■ 


,6°  >  a  i  c-  r;;  :.W  ?n. 

Ne+  I  :._iU_ _ *. 


Ht< ifTnyf  ^euP»nHb'C  -iPrnUblp 

'Fn  ’D 


I  !i,.,.i>;iali4',..)v2  ■  CT  'IX  ;v>|y3 


'  .ucy . 


Pur.  9.  I.O.Tl.T  .IMIli’pilblO  MI|l.lb'TI‘- 
pill'TIlMt  fill  l|l|l,|llll  II  1 10.10 M  KilToae. 
ItblllO.'llllTIIIOM  II  I  MilTl'I'II.I.IOli:  ,\|i. 

C.il  a  Al. 


\  i 


Pur.  10.  Tt* fiMon  Cull  r  yi.a 

n.i niH’M  ot,x<»jii.iii.ix  .’iiCirpii iii x  nepe 
xuaoii  (cn.iniiiMKU*  ;unmn). 
Tl.iimn  BO.HM.I  n  n;Hi<»\icrpnx 
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T  a  fi  .i  ii  n  a  2 


Ko:m|k|iiiiui('iitu  ycn.ieiitiit  caauoro  (itrita.'.a  n  ni.iMi.unae  miiiu- 
ikm'Tii  .taaepou  ua  iiei.oTopi.tv  V<l>-ncpcx<i.(;iv  As*  ,  Cu*  n  Au* 

(00.  80 | 


,1.11111.1 

un.ilii.r,  HM 

nsMiptiiiibin 

y< 

.iciiim  x0-  L 

%*•** 

ycn.n  iuifi  ua 

1  M  A>0  21, 

%  M  1 

Mtumi  >cti.  .Ta:«c- 
ra** 

.118,1 

A-'" 

5,3 

3,8 

1,3  Bt 

270.1 

Cu* 

5.1 

3.0 

0.5  Bt 

llii  i.l) 

n*i* 

3,2 

2.3 

0,25  Bt 

2.72. '.) 

Cii" 

2,0 

1.9 

248.0 

Cn* 

12,2 

8,3 

0,5  Bt 

221.1 

An* 

— 

— 

05.0  mBt 

*» 

Anil 

— 

— 

21)1,8 

Anil 

II 

1 

0110  m15t  *** 

*  Ko;uMmi[iieim,i  yriuoiiint  c.iaGu.r  cnriia.ion  npn  npoxoiiaemm  ar* 
THMioit  cpeau  B  npiiMOM  »  uBpanmM  iiaiipaiui’iiiinx  3a  uu’ieruu  cuGn* 
BCiuiMx  noTcpb  B  pyaoii, Trope  a.in  naTO.ia  /=li,7;>  u. 

**,  JlaiiTeabiiocTi.  liMny.iboa  130  mkc,  HacroTa  ijoBTnpcmirt  40  lit,  asm- 
.nrryaa  Tona  100  A. 

***  lloay'r'na  Dpil  aacTuTe  nOBTopcmm  40  I'u  u  a.titTe.iLliocTIt  25  mkc. 


mu  B03uy;hMeiiUH  npn  nepe3apfl;u;e  fl.ia  Nc  — Cu+,  ooycjion.ieimaH  conna.ic- 
HneM  auepniii  uohob  uiicpruoro  rana  it  ltepxiuix  Jiaaeputix  ypoBiica  Am 
xapuKTcpiiux  Jia3epnux  uepexo;iou,  nanpitMcp  218, G  mi.  Hao.inaa.inct  cexm 
.lanepnux  y<l>-nepexo;(on  it  Cull  c  ypoitiicii  3d'5s  c  ;uniiiaMii  no.m  or  218.0 
,3o  270,3  ii m  144).  lliiTeipa.iLiian  xiomuocTb  aa.icpa  ua  .ihiiuhx  259,9;  2GO.O 
it  270,3  mi  cocTan.injia  350  mLIt,  a  npn  paooTe  Jiaacpa  ua  oauoii  jihiuiii 
(218,6  hm)  Guna  uoay'ieua  mohv'iocii,  500  mBt.  B  cnyoae  No — Cu+-.ia3epa 
uciio.ib3oua.icfl  To.itKo  hcou,  ,ipyrue  oyijicpuuo  ra.tu  uo  ,ioua u.iH.iuct,  utoom 
ue  yncuii'iiiiiari.  pacnti.iciiue.  OuTiiMa.'itnoe  .laii.icmie  iicoua  cocTan.ifl.ro 
12  iop.  Ay iiiiiii n,  n  .ipynie  (551  eoooimt.iu  oo  yueni'ieium  ;uutc.k.uoctii  iim- 
ny;ma  Hi.iy'ieiuiH  y<l>-.iu3opa  ;ta  cict  ;iooani;ir  0,1%  aproiia  k  uyiJiepiio.My 
may  (ueoiiy).  /(.m  .iiiuiiii  Jiaiepa  259,1  u  260,0  hm  oi.i.ia  iio.iy'ioiia  cpcAiiflfl 
nwxo.iiiafl  m.oihiiocti,  GO  mBt  (iio;jiioo  iipoiiyci;aime  lepi.a.ia  2%). 

1 1 03,1  ii co  /(/Keiiii  156)  .looii.rcfl  yiic.iii'ieiniH  moiiuiocth  Vil)-ii:i.iy'iomm  ;m 
500  xi Dt  ua  uccx  .luminx.  I’atpji.i  no.ioyvK.ia.icfl  it  ho.iom  kuto.io  /Ko.iouko- 
noro  Tima  ^iiiiioit  25  cm  (cm.  pitc.  8,  /)  uMiiy.itcaMH  .iiiitc.ii.iioctmo  10  mkc 
npn  miKoitoM  Tot;e  40  A  ii  'lacioie  liouTopeiuin  250  l’n.  I’acupc.ic.icitue  nu- 
\o,liioii  moiuhoctii  .la.tcpa  no  auuuflM  218, G;  252,9;  259.1  u  259.9  —  200,0  hm 
cocTaB.iH.io  0,23;  0,11;  0,37;  0,29.  Caxian  Bi.icoi.afl  moiuhocti.  iienpepbiniiou 
renepamm  (200  xiI5t)  ;|uniiiiiyTa  AiixJicpoxi  u  .ipynt.Mii  [571.  l’aipn,!  not- 
uyu.aa.ica  n  lueioitoxt  no.io.M  i.aro.ie  pa.t.Mcpo.M  2  X  G  mm  (cm.  piic.  8,  />) 
npn  toko  70  A  c  xapaKTcpuoii  ny.ibcauiicii  Tpe.xiio.iyriepiio;uioro  nbinpfni- 
icmm.  KoaiftiJuiuiieiiT  ycn.iemm  ouemiBaicH  i;ai;  5%  M_1.  u  nciio.u.aoBa.io'M. 
BMXo.uioo  arpua.io  c  oiniiMa.ibiiwM  uponycKaiiiieM  3,0%.  Aiix.icp  c  coan- 
Topa.Mii  rair.i.c  coooiuh.ih  o  i;iia.iiiiK'iipcpi.uiiiou  imi.oitoit  m.rxo.uioii  moihiio- 
cih  ((,9  Hr  npn  itoaoyiK.ieuiiu  ni>iHpiiM,Tciiiu>iM  o.iiioiio.iy ncpiio.m i.im  tokom 
50  I'u.  Ha  piic.  11  uoKa.iaiia  pa  tiiima  Moa.'.ty  moihiiocti.io  micpamm  n  ru>- 
iipepi.iniiOM  poKinic  ii  cpc’.iiioii  MoiuiiocTi.iu  npn  o.uiono.iy iicpiro.iiioxi  rtt.i - 
iipjiM.iemm  i.ai;  t|>yin.niifl  or  pa.tpn.iuoro  Toi.a, 

lie— Ag*-.ia;»ep.  IVosiijfiiirypaniin  4 d'n.r.  ii  Ws5.v2  nona  A ^ 1 1  no.toyir.-.ia- 
iotcsi  it  paaptt.iax  He — Ag  ii  No  — Ag  cootbctctiu'iiiio.  11a  pnc.  12  iipc.iciaii- 
.iciii.i  oT.ic.ii.iibio  .laaopiu.io  nepcxonti  n  yi;a  taiio  ua  roniin.ienitc  ncpxunx 
.laaopiibix  yponui'ii  u  ypoimeii  ro-iim.  13  oiy  aiiaipaxiMy  Tai.a.e  iik.iio'ioio.! 
buahmwc  ii  lmilipaKpacubie  .laacpnbio  ncpcxo;vu  Agll. 

Il3.iy'icmie  c  a-ihuou  bo-iiiu  221  iim  na  aaiopnoM  nopoxo.ie  5 JlSn  — 
iio.iy'ioHiioc  Bnepnbie  Mai;  Ifeii.ioM  n  ;ipyrii.Mii  (15),  nii.incTcn  ca¬ 
lf) 
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40  n* 


PuC.  11.  BWX0,1HMC  MOlunOCTB  Y<J>- 
Jiaacpa  na  Cull  icm;  <|>yiiKmin  pa.v 
pu^noro  TOi;a  nonoro  i;;iT0,ia  b  no- 
nprpbinnoM  pc'/KiiMC  {ctv)  u  npn 
V(oady;KAonuu  tokom  iioc.ie  o.v 
uonoayncpuo.uioro  BbinpHM.ieniiH 
(/««•)  [■">']■ 


Puc.  12.  Cxexa  TrpMOB  AgU. 

Vnaaaiibi  ot;io.iliiuc  .Taiepin.ic  nepcxo.ii.i  (rn.iotimi.ie  jih- 
ii ii n >  it  oneprmi  oTlioni rc.ii.iio  ocnoBiioro  cocTOiiimt 
iiuiioo  ncoiia  n  realm.  /fauna  bo.iiiu  aana  a  naiiouiT- 
pax. 


M1.IM  ICOpOTKOlin.lMOHMM  JICIipcpi.llUII,IM  aajcpilbl  M  llliy  •IcIUICM.  oniicatiiii.tM 
ii  .liiTi  paType.  Ilopur  ,p«  dtoio  nepcxo/ia  cocTaisatier  itceio  2  . a  niiKOinm 
iibixoaiiafi  Momiiocri,  —  50  mBt  npu  cpeancM  aiia’ieiinn  1  mI’t  (581.  Oiitii- 
Mii.ii.iioe  aan.ieimo  He  — 20  Top  n  Ag —  0.2  Top.  Ila  puc.  10  nonaaaiio 
iMMeiieime  ni.ixn/fimii  moiuhoctii  ii  pit  liapiianmi  nponycKaiinn  aopicaia  na 
.in nun  224  ii m  b  iipHMoyjo.Ti.fioM  mc.Tono.M  Kaio.(c  /(.niiion  20  cm  npu  iim- 
nyai.ce  Tona  40  A.  Hiia'iemie  iieiiacwiueuiioio  Ko:>(f>([nnuieiiTa  yni.ieima  no- 
pfi.lKa  23%/m  coonieifTiiyeT  OKCiiepii.MeiiTa.ii.iiuM  /uuiiibnt.  Ilaimo.ice  cu  n.* 
iiLiii  TaaepiiMii  nepexo/f  AgU,  coraacno  OKCiicpiiMOiiTaM  Hapnepa  n  /ipyinx 
IoOl,  a  Tannic  Co.iniinti  n  apyrnx  [OOJ,  na  318  iim,  A( —  Ad9  5 /A  F':\. 
aaoT  iniiioiiyio  ni.i.\o;iiiyio  moihiiocti.  na  o/fiioii  .iimiiii  1.3  Ht.  Htot  nepexo  ( 
lioaoy.n.iaeTCH  npn  CTo/iKiioneminx  c  iiopeiiocoM  aapn.ta  c  \e+.  O.maiio  n 
ii.ciiepiiMfiiTiix,  iipoiie/femibix  /l.KciiiiOM  it  Hi.iotohom  [001,  ycTaiioiiaeiio. 
’no  )tot  nepexo, i  .iiia'i iiTo.i i.ho  caaoee,  mom  aninui  22/i  iim,  a  iMMepoiiiii.nl 
j;r.:>ff>'f>nnitC‘iiT  ycnaeinin  na  >.==318  iim  —  5%/m. 

He — AiH-aaiop.  Ha  puc.  14  noKaaain.i  mem,  yai.ipailuioaeroni.iv  a.i- 
icpiibix  nepexo/fois  Anil,  Koiopi.ie  iiaoaioaa.mci.  npu  iioinvvii/ieimii  patpii.in 
ti  ic.Tiin  ii  aoaoTo.M  iio.tom  KiiToae.  CaeayeT  otmotiiti..  «no  lire  aa.:epiii>ie 
nepexo/fbi  Anil  iianiniaioTni  c  aneproTirieciaix  vpoiuieii.  nan  uiupncno  i  .- 
Mienm.ix  i;  ociionnoMy  roriomimn  nonoit  le.'fiuf.  Hupoi mu, re  tui.ti  i.iii  aa- 
ai’pm.ix  nopoxoaon  /.  —  280  iim  cocraiianan  iireio  8  A.  nan  iiomtii  n  20  pa  i 
Mi  ni, me,  mom  noporoiii.ie  tokii  aaii  aa.iepm.ix  N  ,I>  neprxoaon  n  aa.iepax  na 
iimiax  miepTiibix  in  ton.  1!  anannioiie  200  ->  200  mi  liiioamaaaaci,  iii.ixnaiian 
moihiiocti,  na  neex  aiiiiiinx  120  140]  n  000  mI!t  [08l.  /(niciin  ii  Ili.iinmi 
1001  iioay’iiiaii  nenpepbiiiiiyio  aaaepnyio  reiiepanmo  aan  meaenorn  i.aioaa 
namioii  licero  aiimi,  0  cm  na  nnimii  282  iim.  Ilpn  /mime  naro.ia  2,5  cm 
aormraancb  renepannn  b  KBa3nnenpepbrBHOM  penoiMc  c  ii.Mny.Tbca.Mn  Toica 
gaiiTeabnocTbio  300  mi;c, 

11 
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5a9nx  Heu3ennrjq>utj,up0~ 
CuHznemr-i  7 pur  t/iemt:  ea»»tie 

n  I  d  I  x° 

2  I  I  2  I  O  1  2 

J  f - 1 - \ - i - T - - T - r— - r 

A  i  OcH36Hoe  cocmoRHue  Au  !IJ  5d9  'Dy? 


r?oj""  7s 


/'«'■.  1',  da  Rile  UMm  Tl.  V.MMlAlluii 
MOIHI1H,  Tl!  i  IT  J 1 1 X  >  1 1  \  '  I..IMIIII  ;cjn.  .1 
■  i.i  ;mh  .iiinim  }.  --  21’  'p  H \i  .\2 1 1  n 

IIt  -  -  At;  .i.i.icpp  c  iin.iMM  i.iitii.iom. 

1  " mill II  III  .'’mill  i  I . .  rr,  I  .  r  |;in,h. 

Hi’.m’in  vivi.mii  m  ii  ii  ;i  m,- ,  - 

I  \  11. lf,M  Hit’ll  II  ;  ,S.  |  N  ,,  |;r 

iii-iM  in* i L'jt.i \i  |."  ii.ii.i  r*. j. a  ii.  •;  [  j 


-• Hue  AU. ’I  ' 


RY<I>-n;i.iy  whiic  cii.ii.no- 

tmiiiiaoitaiiiiMx  o.Tnropoaiiwx  l"  11  Ca'ma  topvwn  Aull  i  yuatatuu'M  ot.icii, 

raaon.  I, 'aw  coonnui.-mci,  '  'In  . . .  u 

-  >»i •  l*i  nit  in  in  iMiHitoni  roi'Tim mill  iiiniriB  re.'iiui. 

laijMII  KOHO.IIIO-  .  I  M„, a:.., 1.  I*  . . 

I'.'"'  iit*ii|M>|)i,inii(i(.  tie.  f.v<n-tin<> 

,fil.  •1au'l,"M'  "(’[icvo.mv  .\kIP  iio.ivmc.io  n  Ife-Atr- 

f'.Mf/a.iiiv  (  im.ii.iM  i'<i  ki.iip.m.  O.imoi. panto  iioniuouanm.ic  fuai  opoaiiuo  raii.i 

lu  iomhmkom  . . . . .  „oro  aasopnoro 

rn*  .  •'•‘  ‘X'P'XIV  iuiyM..mi,  u  fua, opo;i»Mv  ra’m  „ 

ni  "0JVla"'1  "•»  -"“I'l'ViM  iimin  Kiniiiini.ix  iiTci.Ma \ .  Man.iiiur  imo  i-- 
M()"c  i  ji"|i()iiaa  a.ui.pnyio  rem-panino  „  I?V(J>-oo.iacTH  iia  m.icoKononinoHnanux 
Mai  ,)["i,(|imjv  i  ii.ta  \  II  ii  m  1 1  y .  i  i.r  iio.m  p.aKiiMO  (I’lill  ,„•)  |(;|J.  j||m  CM(, 
i.  tropmiy  oii.K’i'  KupoTKiix  ;i.  uni  no.  1 1!  n  ni.noKo.tapn.iiii.ix  uoiton  Tpofivc'Toi 
".lor,,,,,-,,  ,0,0,.  . .  „.,„.p„,m„ 

•  ‘  ,  ,,0m  ii'l.o'il-ioiia  i  ieo.,r»v>l»';i«'.ll„‘  mm 

niiiM  . i.’ic KTpn ‘icc kii m  paip>i.in\i  c  aiiiicai.iiocTi.io  UMiiv.'n.ca  odd 

If  riHKomiii  ji.inTiioci  i.n  1  TO, .a  ao  I  {(HID  A /cm'  m  .  „po'ao.u,iio,  „  pa 

l"aa.  I,  Taoa.  .,  iipnncacMM  pc ay.n.rarM  a.m  nV^-.iaaopo,’..  uruo.n.avMimix 
"  ixiopoaiiMo  ,  a;„,i.  Ilando  loo  moiwioc  hi.iV-io. . 

T  a  fi  a  11  a  a  I 

_  |{>  ,l,-ii:i.iy’iciii:c  iiiinin.ix  .i;i.i«|kiu  iia  iniipTiii.ix  ra:-.a\  Kill 
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! 

/ 

L 

) 

(  ' 

I'ur.  I.').  OTlIOCIITO.Ibll.tfl  IIIIi;oll.l|l  Mdiunoi  l  b 
Kr|  V  .lii.icfbi  Hit  nepexoaax  I7n.  l'.r.  n  Jl!>  iw 
npn  liiMciicinin  MabciiMa.ii.itoii  ii.noTnocTO 
TDKa  liii.t'iy.K.'ifinin  or  tilimi  ;io  l'«(*tij  A/cm*’. 

ll.i*  Minriiin'  otovt'- I'fiyrr  pU|. 


I’ur  111.  C.xcMbi  ypoiMicii. 

(U‘  ii  It',  il|nu<  lan.liU"T  r  >1  1  l  *•:»'•>  lll.TC- 
inia  Ti'pM'M;  ii  |ii'iai'it'niiiii|'> '■inn,ii  ti.ia.nie  ) 


(0,1  —  1  kI!t)  .fii jicriK'Tpif (>o?.a iif»  mi  .iiiiiiuix  1  !).”».<>  n  1 7 - > . ( >  iim  KrIV. 
lla  pile,  la  iioi;a.iana  oi  iiooiiTcai.iiaii  imnonaii  moihiiocti,  na  .mix  an  wpm.ix 
iicpexoaax  kok  ([lyiiKUiui  ioi;a  paipiiaa.  Otmctiim,  mto  iiacumcune  n  aamiOM 
c.iyiac  oTcyTCTnyer.  ('■  no.xioiunio  toto  a;o  Moro.ia  no.if5y,i;aoiiiut  Mapamir 
iiaiuea  miiiowcctuo  nonnix  .iaaopiinix  iiopoxoaon  na  Miioronapii.uii.ix  tioiiax 
ii  oo.’iacTii  11(H)—  2,">0  ii m  [ <S J . 

I’eaioMiipyn,  xioaaio  cioiaan.,  >ito  aaaopnan  reuepaium  n  HyO-ofiaacm 
iio.iyiona  na  iiocKo.n.iaix  ui.icokoiioii iianita n 1 1 ia x  nro'iax.  ();iuai;o  caeaaTi.  aro 
yaaaon.  amm.  npii  no  idyMiaoiiuu  noporiaiM  iiMiiyai.coM  ,'00  nc),  ran  i;ai; 
t pefioiiaaan.  inomoni.  roiai  iiopiiana  10'  A. 

PoKOMomiamioimi.ic  iioiiin.ic  aaaepni.  15  1003  r.  «'l.  11.  Vya-ii'iiKo  n 
/J.  A.  JUn./eiinii  iipcaiio.7oa.TMiJ,  'ito  jjiincpruji  anrcacimocTcii  moikct  coaaa- 
n<iTi.ni  npii  pi'Ko.Moitiiaiiiiii  n.ia.tMM  (02J.  Taiam  cuocooom  moMciio  aijiijiou- 

i  ilium  ncimai.ToiiaTi.  ancpi  mo,  iiahoii.iciiiiy  io  n  uoiiax  inaiMM  aan  :i<[h|>oi;- 
innuoio  mrioya.aciiiui  aa.icpiii.ix  iiopoxoaon.  Ilo  arotiy  iipiimmny  no.idyn;- 
acinin  oi.i.io  noayiciio  ni.iyiomio  na  iioenoti.i.iix  V'P-.rnaepiii.iT  nepo.xoaax. 
15  1070  r.  I’.  15.  /Ityicon  n  ap.  1031  iiriio.ii.iona.m  :>i;niepiiMeinn.iHiii.io  aaii- 
iii.ii>  o  pt'KoMoiiiiaiiiioiiiii.ix  aaiopax.  iioayiciini.ic  na  roam,  iipomoamiio  iiooao 
Iipca-Ioa.-CMIIII  .’I.  II.  1’ya ioiiim  It  .0.  A.  Illo.ioiiinia.  am  noaoc  ro'iiioii  <|iop- 
Myaiipoinai  Tpeonnamiit  i;  ye toiuimm  pa  tpiiaa  n  piiciipoaoacimio  htomiii.ix 

ii  iiohiii,! \  iiiJTiiiim.ix  yponiicii,  'itooi.i  imiicpciiii  iiacc.'iciiiiocTcii  .mctui  naan, 
n  ncpima  pcKOMoiiiiaiuin  ii  i;i  imh.  15.  15.  VKyimn  u  apynic  oitpcac/m/m  of>- 
1 1 1 1 1 it  icpii  rcpini  cymcc  i  noiiaiiiin  iiiiiicpnni  iiaeo.ioiiiiooToii,  woTopi.iii  n  c.iyiac 
oo.ii, iimx  npoMca.y i non  mcik.iv  yponmiM'i,  n  iipoaiio.ionieiiiiit,  'iro  icaa.'aaa 
lpyuna  coctoiit  na  oanmo  yponmi.  oyaoT 

«,<.!,  -!  /', 1,  -!•  I'm,)  >  U',/113,  (2) 

i ao  /!,,  /',,  U7, —  cTiiTiiOTii'ieciaiii  hoc,  nopojmioCTi.  nopoxoaa,  n.'oponi. 
anto.ioy/iaoiiiin  a  i  ckt  pop  a  m  ii  ii  iio.maii  cKoponi,  noidyvnaeiiiiii  ncpxiioro 
(t  -  2)  ii  mr.Kiicro  ( i  —  1 )  ypoimcii.  Anropi.i  [(50.1  npnaiia.maupona.iii  c.iyMii 
paanaipioiiiioi o  ii  cio.iMiionincai, iioro  pca.iiMon,  kok  oimcano  iui.no.  Ilpit  nn.i- 
icoii  naoTiiocTii  o.ick  i  ponon  Moaam  iipencdpo'ii.  >i.ioiiaMii  n  iinnopciiii 

yc i aiiitnaiinaomi  o.iaroaapn  miitm'iochum  iiopnxnynM.  15  :>tom  c.iynic  o'lM'inn 
iiooo.xoaiiMO  iiponcpn  ri,,  'itooi.i  iipoMcn.x  mi;  Me, nay  nopxmiM  n  nn. ioiiim 
yponniiMii  oni.'i  in.i'iiriiMi.iio  .mciimiic  npoMcM.y n;a  mi  a, ay  miaatiiM  n  oc- 
iioiiiimm  yponniiMii,  iiocKoai.iiy  Tanoo  p.iciipcac  iciino  xponncii  a.u-T  livname 
cootiioiitoiiiic  Mc;nay  nopofiTiiocriiMii  out ii'iecnnx  nepevoaon.  I’aiaio  cm  icmi.i 
ypomieii  iiok;i.i;iiii,i  na  pur.  1(5.  a.  O.inai.o  mmcpi  mi  ncic  mei .  imi  aa  r 
ii,  rjioannaTcai.no,  ciiopocn.  no  ioya,'aoiiiiii  npii  pcnoMomi.iuiiii  .me  i  a  i  nano 
ynojiii'iiinaioTf n,  rai;  nai;  n  aro'i  c.iyiac  n  iciim  /  ■»  n  I  n  npcoo  nri.c  .r 
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ii  n\  aiia'ienmi  BoapacmiOT  lipn  y.Mem.meimn  parcTomnw  mo. nay  ypoaiiJiMii. 
Jlpn  Tai;oM  pacMpeaeaeiiiiii  yponneii  aocni/KOniio  iimcokiix  Koa(f)(J)iimieiirnn 
yciiaemni  u  nuxoaubi.x  MonumCTcii  n  pcKoMoiinaivtonnoM  pe.miMC  Maaom- 
jiojiiiio,  iiocko.i i.K'y  aoiioauyiKaoiiiio  aacKTponaMii  iiaicaaawiiaoi  oi  pamnieiuie 
na  nc.iii'iiiiiy  iimicpeiut.  Tom  iic  Meiiee,  ecan  cucTOia  ypoisneii  iimcct  cTjiyK- 
rypy,  lioKa.animyio  na  pitc.  1G,  5,  to  acBoaoyniaenno  aaoKTpoiiaMii  MO/Kvr 
oaaroiipiuiTCTitoiiaTt  imiiopciin  liacenoiiiiocTii.  II nuepc  11  «o  neabafi  co3flaTb 
nyTt'M  oiiTii'ieci.nx  nepe.xoaoB,  mocko.ti.kv  /1:|>.-1,0  (oaaroaapn  tomy,  mo 
A/i’;,  >  AA’i.i).  Cootiioiuoiiiio  ueponTiiocToik  iicpcxoaon  cianoiuiTcn  npiiev- 
ao.Mbi.M  is  ptMy.TbraTe  aeiio:t6ya;aoiuin  B.TCKTpoiia.Mii,  noTOMy  mto  b  :ito\i 
eay>iao  /•>,  >  /•’ ±ne.  I  fa  nepexoaax  co  CTpynTypoii,  noKa.aaiinoii  na  pnc.  1G,  l>. 
npn  o(j)(|)cnrnmio.M  aenoaGyiKaonim  aaeicrpoiiaMii  nnnepcmi  naceaennocieii 

MOIKOT  GbITb  COiaana  Iipn  BblCOKIIX  JI.IOTIIOCTII  IITa.TMbI  II  pOKOMUIIIiamiOIIHOii 

cicopocTii  BoaoyibaiMiiiH,  Tan  mo  itbiiiyn.aeiinoe  ii3:iy’ieiino  ovaor  iiiitciiciib- 
iilim,  a  Ko:)(J>(I)imneiiT  yciiaeimfl  —  bmcokiim. 

CoTpyamiKH  PocTOHcworo  yintnepciiTCTa  cifiopMyanponn.ni  oumno  rpc- 
fioitamiH,  KOTopi.io  na;io  r.i.nmnnmi,  pan  aocTii/Keimii  nunopcim  ltaceacimo- 
c rt‘ii  ii  peKOMomianiioiMio-CTo:n;noBiiTeai.iiMx  ycaonmix,  cacayiomim  ofipa- 
;iom  [G21: 

1)  ncp.xniiii  aaacpm.iii  ypoiicnr.  ;io.t;kcii  oi.itt,  opiniM  na  cbmi.ix  ttii.tkiix 
n  itbu'incii  rpyiine  fi.uiaKopaciioao'.Kciiiibix  ypor.ncii; 

2)  mr.mmii  aaacpin.iii  ypoucnn  ;\oaa;cn  oi>iti.  o;;iiiim  na  caxibix  bmcokhx 
b  iiiiiKiicii  rpymic  oaii3Kopaciioao>Kcimbix  yponneii; 

8)  paapcmciibi  ncpc.xoaw  Mca;;iy  ypoinniMii; 

A)  iiaoriiocri.  aacKTponoii  aocTaro'ino  libicoi.a,  t«k  mo  ltepoflTiiocn. 
CToaKHoimTcai.iibix  iicpcxoaon  iniyTpn  rpyiin  iipcBi.nuacT  itepomnoCTb  on- 
tii'icckiix  iicpcxoaon; 

f>)  TOMiicpaTypa  aiemponon  aoaaaia  oi.itl  MnKcmia.Tr.no  iiimkou. 

Taiaic  ycaonmi  itbinoamiioTcn  pan  ncpcxoaa  c  —  373,7  mi  b  Call 
n  iiocaccBC'iciiiiii  paapnaa  u  lie  — Ca.  B.  B.  /Kynon  n  apynic  [6/i]  noayMirni 
cpcamoio  BMxoanyio  Momnoni.  0,5  Bt  na  OToii  aimini  c  rio.\ioinbio  nxrnyu- 
cou  no36y;Kaenmi  c  tokom  GOO  A  p.tiito.h.iiocti>io  1.10  iic  npn  nacTOTc  no- 
BTopi'imn  5  k T u  b  pnapnanoii  Tpyoicc  pna.MCTpoM  11  mm  ii  aaiinoii  50  cm. 
/I  iiireai.nocTi.  aaacpiibi.x  iiMnyai.roB  corranaiiaa  iiocko.ti.ko  MiiKpoceuyna. 
Cn.iHacT  n  apynic  to>ko  imayinaii  rcncpaimio  n  VOi-oOaacTit  it  pcKOMoiiim- 
jiyioiucii  naaaMC  it  Ini  1 1  na  a.innc  bo.tiim  208, 2  n  800. S  mi  [Oil.  B  otom 
.iKciicpiiMciirc  aaacpnnn  iriicpamin  oi.ian  imayiona,  noraa  ccpmi  crycTi.on 
n.iaa.MM  iicimpcnnoro  Mcra  i.ia,  oopaaoitannoii  BbicoKoito.'n.TiibiM  iiMnyai.cmt 
it  aaaopax  Mcmay  piiaoM  a.iCKipoaou,  bmmo.uicuiii.ix  na  i  ciicpiipynnucro  :vn- 
Meirra,  Moivia  pnoinnpnTi.cii  n m  pcKOMoinmpoitaTi.  [GGI,  /laimvibiiocTr.  m- 
acpnbix  iiMnyai.roB  t«k;kc  obiaa  nopfipKa  nccKoar.Knx  MincpoccKyna.  C-nanacT 
n  apynic  iiao.Tioaa.'iii  rciicpanmo  aaai-pa  na  ncpixoac  n  AplI  (llK-anaiiaaon) 
1 1  ana.Toni'iiii.ix  ncpcxojav  (!tllll  (miainn.iii  >  ji  InlV  n  npoaciioucTpiipona- 
.111,  mo  am  no.iyiciimi  iiTicpaumi  n  ]icKOMomiannoiinbix  .raaepax  na  Goicc 
i  i ipo i  Kit x  a  mu. ix  ito.Tii  mo. mm  ncimai.aoit.m.  i.onncnnnro  n aoaacKTpoimoii 
imi'.ic  ton. n  i ’  n, mu'  i  n  I  (i. ii . 

,(o  n, ic i ojmit  i o  npi’Mcim  it  an rcjiarypc  ncr  coooiHcimii  o  pcKOMoim.i- 
mmimoM  .latrpc  iieiipi'pi.iniioi o  aciicrmin  it  V<l)-ou.iacm.  lI]iiiMinia  aai.'Ti"- 
* 1 .  i .  rc>i  it  Tpyaiiofin  no  tv  'iciiiiii  n.iaa.Mi.i  c  r.i.icoKoii  ciaipocn.io  noimaamm 
n  im  .'.'in  I.  Miicpa i ypoii  a  minponon,  i:  i.oropoji  m>  nponcxnairr  aira'tinc  n 
imio  im  tTo  ;k.Iitiiih  im.mirro  aa  tepnoro  ypoimn  na  ocnoitimio  cocToimim 
i  ;  a  ci1  ii.iima'iiimx  c  :>.n  kt  pminMn.  Oanai.o  I’.va  n  Cn/marr  1G7]  fooonm.m 
i'i -Taimo  n  i.ti.i  iimiMipcpi.miiui'i  (  i. iirreai. iiocti.iu  1  c>  iciicpaiimr  aaaepa  a 
111.'  m'  l. inn  na  nepi'vi  ia\  (all  I, 111;  l.’i.'I:  I.'i'i  n  I.G'i  mi;m.  Biot  pcayai.i  t 
i;i,  lyii  ii  it  n  ia  Mi-a;a\  anyMn  i;a  imiiciii.imii  aacm-pnaaMii.  rai  i'i.ictjio  i:|  >- 
t  i ;  a  i  rat  Hr  am  co.iaanini  panniipnioincii  naa  imi.i. 

H<»c.ic;umc  aocTUVKCimn  ii  ncpcncKTHiti.i.  I>.n;  Gbi.io  cnoonn  im  n  n p*  - 
im  ivnicM  p.i  ;arac.  paciipiMiMciuic  '.vicKTpoiion  no  am  pinn  n  pa  tpinax  r 
in .  ii.iM  i.aroaoM  iimcc'i  in.icfiiai  inr[ircT  imnyio  rnrinn.'Mii.miyio  Cii  HI  500  ■  <  i  1  . 
Am  inn  oim  nirpi  ciTi'iiibir  a.icKTpoiibi  Moiyr  .icii.o  iiniiu  tnpoita  i  i.  imiibi  t'y- 
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(Jiepnoro  ra3a,  Kirropuc  3aco.mioT  nepxnne  aaiopiibie  ypouiin  nyicxi  peai;- 
iiciii  c  TCii.'tuBUM  iH’pojioco.M  japnaa,  Cxo.m<i  c  neponocoM  aap «aa  b  pa.ipn.ij 
c  iio.ii.im  Karo;iOM  ycnoiniio  iipiiMonsiaaci.  ,tjih  lio.iyMoniiH  naaopiioii  reuopa- 
1 1 11  ii  c  mh.ikiim  noporom.iM  tokom  ooJioo  mom  iia  10  liepexoaax  c  A-innaMii 
lio.iii  MeiiLuie  300  ii m.  O^uaico  nojiynemio  BbicoKODiiepreTiiniibix  ajieuTpo- 
iiob  i!  oobiMiioM  pa3pii;ie  c  lioJibiM  Kaio.iOM  Majio:i(Ji([)oi;Tiiiiiio. 

B  paapnae  c  iioiijm  .\o:io;uium  naToao.M  (JIXK)  onoKTpoiibi  it  ocnoimo.u 
oi'pa3yioTcn  lipii  GoMGapanpoBKe  noiia.Mii  lioiiepxiiocrii  Karo.ia.  3<itcm  dtii 
a.ieKTpoiiu  ycnopnioTcn  Gjiaro.iapn  uaTOAiioxiy  iia;ieiuiio  liaiipniKoimn  n  (|>op- 
MiipyioTcn  is  a.ioKTpouin.iii  liynoii.  B  npeiieopeiKeniiu  iiomi.ianneii  u  tomhom 
iipocipaiiCTBe  tok  oaeKTpoiinoro  ny<n;a , /,.  ciui.iaii  c  iioiiiium  tokom  I+  co- 
oTiioiiieimcM 

h  =  Tf/+,  (3) 

rae  f  —  K03({)(J)iiunoiiT  BTopii'Uioii  jMiicciiu  n;iei;ipoiiOB.  rio.iaran,  mto  iioji- 
iibiii  tok  I  —  /,  +  /+,  lioayMao.M 

/.“(“Y/d  +  T))/.  ('.) 

Orcioaa  cao.iyoT,  mto  3(JmJ)oktiihiioctii  reiiopaumi  a.iCKTpounoro  iiyina  /<*, 
ovact 

lie  =  /,/7  =  f/(l  +  t).  (5) 

lipii  oiiopriui  naaoTa lonpix  na  Karoa  iioiiob  200—300  :>I5  Go.ii.iiiiuictbo  m,i- 
ropua.ioB  ii  moot  "Y  —  0,1.  C.ie.iyor  Tai."Ke  OT.MCTiiTb,  mto  Go.i[,iiiiiiictbo  iioiiob 
no  iiaaeTaoT  na  kotoa  c  noauoii  oiioprneii  KaToanoro  naaomin  e\'c.  Tan  nan 
oiiii  npoTopnoitaioT  CToaiiiioitoiiiiii  c  ncpo3apn;iKoii.  Ilpn  aiianeiuui  f  — 0,1 
:>([)([ioKTiiniiocTb  reiiopaunii  oacinpoiiiioro  iiynna  na  (5)  cocraiianoT  t]  —  0,00. 
lloanimo  l*oi, ua  n  apyrno  ICO]  npoaaoaaian  n  ocyiuocTitiiau  170— 7 II  nonbiii 
ciiocoo  no3oya,'aoiiiin  liomiwx  aa.iopon  iionpepbiBiioro  apbctbiih  c  noMoiybio 
a.  i  out  poll  n  i.ix  nyMKOB  liocToniinoro  toko.  C  :iToii  noai.io  oiiii  paapaooTaan 
i.ieKTjiomibie  iiymi.ii  ua  taoioiuom  paapnao  [73  —  7<3J,  KOTopwe  co.iaipoT  xo- 
poiuo  Ko.iaiiMiipoBainibie  oaoKTpouiibic  liy m kii  c  aiioprim.Mii  ot  1  flo  10  koU 
ii  tokom  ao  1,2  A.  OaeiiTpoiiiibio  iiym kii  na  tioioihom  paapnae  paGoTaioT 
b  reairn  ripn  anBaoiiiin  ;io  3  top  6e;t  xiitlHfroppjiniiajiMioii  otmimkii.  OtfxfieK- 
TiiBiiocTb  reiicpauim  oaeurponnoro  nyMKa  aocTitraaa  80%.  3tii  pe3yabTaTbi 
na  nopnaoi;  BcaiiMinibi  npcBocxofliiT 
xapaKTcpncTniin  pa3pnaa  c  noaWM 
naroaoM.  11a  pnc.  17  npcflCTan- 
,io na  (|)OTorpai{>iin  cnoMoimn  o.iokt- 
poiiiioro  iiynna  tokom  0,5  A,  no.iy- 
Momioro  c  iiomoiui.io  a.ieKrpomioii 
nyuiKii  mi  t.ickmuom  paapnae.  C  no- 
moihi.io  .la.iopnoii  ycraiioBKii,  nona- 
laimoit  na  pnc.  J8,  corpyamiKii  l'o- 
ryaapcTBi'iinoro  ynnnopcinoTa  n  Ko- 
aopaao  ocyiuociBiiaii  rcnepaiuuo 
a  aaiopo  nonpcpbiRnoro  aeiicTinm 
Go.i oc  mom  na  30  ncpoxoaax  a  nn- 
([ipaKpaciioii  n  miaiiMoii  on.iannx 
eneKTpa  7  pai.iiiMiibix  oanoi.panio 
lioiiii.toBaimi.ix  aroMon:  lit;,  I,  Cal, 

So,  A?.  7 a  n  l\r.  fl  aa lopnoii  ycra- 
iiobkc  (cm.  pnc.  IS'  ii  vmok  a.ioi; i  pil¬ 
lion,  oopa  innaiiin.iii  c  iiomoiiii.hi 
.i.ioi;  i  poii  noli  nyuiKii  na  t.iiihihcm 
paipn.io,  aoiio.innoicn  ai.'cna  ii.iii.im 


l’:ir.  17:  lls.iy'if'inu’  i  t  i.ioi.  r ) >n m*i  * ■ 
ny’iHii  < :..*i  .\.  iio:i\ 'ii’iiuni  n  ui  *  n *i .  r 
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['iic.  IS.  Cxcmu  uoimoio  aa.tepa  na  Cil  c  itai.ani.oii  B.nn.TpoiuiMM  nyaiaiM  [74], 


BxOO  rjnq  ?oju 


Pur  If),  llomibiii  .'la.tep  na  napax  MCTa.ian.  noaoya;,iae.Mwii  ;|tty Mil  aaciiTpuiniUMU  nyi- 

KitMIl  [T'.lj. 


MiinmriiMM  iio.iom  p.'in  ru itnoro  iioivioiuoiiiih  moihiioctii  iwioiapomioro 

ny’iKp  it  rain*.  O.ioinponni.ic  nyiiiKii  oo.'ia.iaior  yiiiiKa.'ii.noii  ocoGeimocnao 
oiM'dio'iinian.  cii()do;iin>iii  oiininecKiiii  nyn.  ii.ioai.  ocn.  3ro  ;iaer  no.iMO/i;- 
norri.  coiviacoita 1 1»  ;».rieu rpoii u i>i ii  iiyion,  no.>i,yioiiiii,iii  a  ii.na.tMeiinoM  ooneMe, 
c  cooTB(*TCTnyM)tiuixi  ooi.t-MoM  om  iinocKoro  peaonaropa.  Koticlnn  ypauwi  .ia- 
aopa  na  puc.  19  auajioi  ii'ina  Koiiijiiirypauiin  na  pnc.  18,  no  a  :mm  c.iy'iae 
iicno;ii»aoiiaiii>i  gne  iipoTMBono.Ton.no  liaiipan.’itmii.ie  nymiiu,  >ito  nonio.iner 
yiuvninim.  MOiunocri.  a.icKTpoiiiioio  nyma,  lioivtoiuoiinyio  a  cvuiunne  ooi.oMa, 
a  ra k;i;c  aaeT  ooaeo  ognopognyio  nJia.i.\ty.  Ila  Aaunoii  ycranoiiKe  1’onna  n 
jipyme  noaynii;iu  moijuiocti.  nonpepwiinoro  .iniepa  1,2  13t  na  iicpexoaax 
Znll  c  >.  =  491,2  ii  492,4  iim,  uoadynyaH  He— Zn-CMCCb,  ii  MomnocTb  0,2o  Bt 
na  nepexoae  Hgll  c  >.  =  (>14,9  iim  ii  cviyiae  He  —  Ilg-c.Mecn  [79J.  Ora  Mony 
nocri.  uo.iee  new  na  nopn;t«K  is  Mine  Momnocreii,  no.'iyneiuibix  c  noMomino 


7 *'[  kB 
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:ia:iepou  c  ikciwm  KarcwoM  11:111  b  no:io>Kim‘:ii,iioM 
noaGo.  1’oivku  c  corpyaiiiiKaMii  ranine  iniepuue 
1  io.iyin.il  1  iionpepi.iiniyio  aa.tepnyio  reiiepaiuno 
n  HiiaiiMuM  anaiiaaone  moiuiiocti.io  >1  Bt  na 
iiouax  najioi!  MeTa.iaa.  Ha  pnc.  20  nonaaano  113- 
Meneniie  molhiioctii  aa.iepa  na  G 1 4,9  iim  npu  hb- 
Meiieiiiin  iiapaMerpoit  pnapnga,  b  i.oropoM  rene- 
piipyeTCH  a-'ieinpoiiin.iii  nyiou. 

J{o  cnx  nop  mi, i  crpeMiunci,  npoaeMoncTpn- 
ponaTi,  npeiiMyinecTiia  aroii  nonoii  cm*mi>i  BoaGync- 
geniiH  b  ciicicMax  c  nepe.iapHgnoii,  paCoTaio- 
mnx  n  nnaiiMoM  ananaaonc  cneuTpa.  Moikiio 
on.iiaarr.,  bio  noaodniae  npeiiMyinecTiia  oyayr 
pea.'iii.ioiiani.i  n  a.i h  y<[»-nepexoaa,  n  cncTOMax 
Tuna  No — C'n  n  Ho — Ag  dto  coctobiit  o;;ny  H3 
Ue.ieii  Gyaymeii  paooTi.i, 

Pur.  20.  Uhivoaiian  MomnocTi,  .laappa  na  iicpoxoae 
OH,!)  iim  Ill'll  laii;  (}>yin.niin  paapiipnoro  Toi;a  n  iiunpa- 
namiii  n  rciicpaTopt'  aaoiitpoinioro  nyai.a: 

cpcauoc  ;ian.TPiiw'  re.  uni  it  nKTinmoii  rpcae  J.r*  Top.  ManiHTiioc 
IIO.IO  :\.2  i;IV,  T«  Mm*paTypa  piMOpuyapa  c  II?  120V,  (TO]. 
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(’  m()Mou\lio  ciictcm  c  nepeaapHAicoii  npii  no3uy;K,ionmi  3JieiCTponni.nl 
nyncoM  Mun.no  co:t;uiTi.  iii,icoico3i{«I)eKTiuiiii.ie  neiipcpi.iniibie  y<I*-.ia:»cpbi  npii 
ycjionim,  mto: 

a)  oo.ibinaH  nacTb  moihiioctii  paapn/ia  (go  80%)  ngCT  na  oupacjonanue 
a.iCKTporror!  iiymca  Bbicoicoii  aueprim; 

0)  aaeiCTpoiiM  liynca  3t}ul)eicTiiiiiio  co3gaioT  noin.i  oJiaropognoro  ra3a; 

it)  ooiibuiau  uacTb  aiiejirnn,  iiaicoiijieiiiioii  b  noiiax  u nepmoro  raaa, 
moicot  ceJiCKTiimio  iiepe.baitaTLCfi  na  iiepxinie  jia3epnwe  ypop.iui  nocpegCTBOM 
TeiuioBoii  nepe.iapngicH  c  ciein.  uoabinim  nonepe'iiibiM  ceneimeM 
OK)*’3  cm3); 

r)  ciirreMb!  Tima  i\'e— Cu+  u  He— Ag+  iimciot  GoJibinyio  icnaiiTonyio 
aiJtilteicTMBiiocTi.  (.24  n  20%  cooTBCTCTiieiiiio)  g;ifi  ncpexogoB  b  oo.toctii  ciiokt- 
pa  A  »  250,0  mi. 

i  jipomeiiiibiii  pacieT  iioica.'tr.inaeT,  >ito  /urn  ciictcm  c  ncpe.iapngKoii  npn 
iienpepbiBiioii  naica'iice  o.ieicTpomibiM  nyiico.u  oncugaOTCn  3(()({ieKTiiBiiocTb  no* 
I  >  j  i  ;n  c  a  1%. 

3aK.iio'iemie.  /Inyxsapngitbic  iioiim  iiiippiuoro  raaa  jin.imoica  b  na- 
CToninee  itpo.MH  nanoo.ioc  moiuumm  ucto'iiuikom  icoropeimioro  ii.aayieinui 
a  y.TbTpaijtiio.TeTOBoii  ooJincTit  cruMCTpa.  Hpn  ogitOBpcMoiiuoii  ronepanmi  na 
;utvx  .Tiimmx  Arlll  351,1  n  303.8  iim  gocTiirnyTa  itbixoanan  neiipepbiiiiian 
MoinnocTb  01  JJr.  1  lo.iy >ieiiii  jiaaepiian  renepauiui  n  HyO’-oo.TacTu  na  miio- 
rotapnaiibix  noiiax  imepTiioro  ra  ta,  no  anuib  n  muiy.TbcnoM  peaciiMO.  Ile- 
noabsoitamie  pnapiign  n  iio.tom  tcaToge  b  cmccii  napon  MOTa.i.ia  n  iniepTiroro 
iaaa  iio3bo.tii.to  pacuinptnb  ciieKTpaai.irbiii  gnaiiaaoii,  n  icoropoM  noavuena 
nenpepbiBiian  iciiepamm,  n  icopoTicoBoaiioiiyio  CTopony  n  iioiniaim.  noporo- 
r.biii  roic.  Hepxmre  aaaepiiue  ypoaiui  iioiiob  MOTaaaa  n  dtiix  aaaepax  co.tck- 
Tiiitno  niwoyacaaanrb  n  peaicnimx  nepoaapngicit  c  noiiaMii  imepTiioro  raaa. 
I’.  nacTomnoe  Bpc.Mii  ca.Moii  icopoTKomumoBoii  anniieii  nenpepbiimoro  yai.Tpa- 
({nio.K'TOBoro  aaaepa  nitaneTCd  >.  -=  224.2  iim  Agll-aaaepa,  naiigeniiaa  n  cmo- 
cti  He— Ag  n  paapnao  c  p.ienbianioiuiiMCH  iio.tum  icaTOgoM. 

IViiepannu  it  Ml)  ooaacTii  mojkot  Gbirb  noayiona  Tatcacc  na  noiiax  b 
peicoMoimiipyiomeii  n.nmio,  no  n  nacTomuee  npcMii  to.tmco  n  n.MnyabcnoM 
peiKiiMO.  lipn.Menenne  n.iuicrpoiinoro  nynca  nocTonniioro  Toica  noanoaaeT 
yneaimiiTi.  Goaeo  mom  na  nopjigoK  MaicciiMaai.iiyK)  Bbixo;(nyio  MoupiocTb  n 
aaaepax  na  napax  MOTaaaa  c  nepeaapnaicoii.  OacnaacTcn,  mto  dtot  noitbiii 
MexannaM  r.o.toyncgenim  gncT  noaMoacnocTb  yneaii'iiiTb  MoiqnocTb  n  oiJmJidk- 
TUBiiocTi,  y.TbT[)a(l)no.T('ToitbTX  iioimi.ix  aaaepoit  na. napax  Meraa.ia  n  pacinii- 
pnTb  ux  giiana.toii  ;io  naicyyMiioro  y.n.i  pai{)iio.ieTu. 
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CW  Laser  Action  in  Atomic  Fluorine 

J.  J  ROC  C  A.  J  D.  MFYKR.  B.  G.  PIHLSTROM.  and  G.  J.  COLLINS 


Abstract -We  have  obtained  CW  laser  action  on  four  transitions  in  the 
doublet  system  of  atomic  fluorine  for  the  first  time.  All  previously 
reported  laser  action  was  on  a  pulsed  basis  only.  CW  laser  radiation  was 
obtained  when  F;  or  AgF  was  used  as  a  fluorine  donor  in  an  electron 
beam  pumped  helium  plasma.  A  multiline  output  power  of  200  mW 
was  obtained. 

SI  VI  RAL  authors  1 1  |  -|6|  have  previously  reported  pulsed 
laser  action  in  atomic  fluorine.  Kovacs  and  Lllrcc  |!| 
obtained  I  -  J  /is  laser  pulses  on  the  703  7  V  7 1  27.0.  and  7  202.4 
\  lines  ol  atomic  fluorine  in  either  Cl  4.  Sl  6.  or  (  ,1  h  and 
helium  mix.  Hires.  I  he  lower  laser  levels  ( 3':/’l  are  relatively 
depopulated  via  allowed  resonant  transitions  and  they  con- 

M.iihim  ri|»r  ha  civ-.-tl  V  •icnihrr  '!  U>s  \ .  rcviscil  I  chruarv  9.  |9S4. 
1  \s*>rk  vs. i'  aii ppt *t 1 1  1 1  In  i lu  NjTiun.il  Silence  1  tuiml.ilinn  .mil  i** 
p.»rf  "I  .i  i •  ■  i it  1  prnu’i  t  Ivfssivn  (  n|or.i(L>  Si. i te  Univorsitv  anil  Spectr.i 
I'h v  \K  a  M*»unt  if n  \  less .  (  \ 

I  In  .hi r li. »rs  .irt  ssuli  th»  I Kp.irimeni  til  I  lcilric.il  I  niiinconnp, 
(  nliir.iilit  Sljfc  1  mvcrsiTs  I  nri  (  »llins.  <  O  N()S2* 


eluded  that  radiation  trapping  of  the  lower  level  via  reabsorp¬ 
tion  of  the  055  and  056  A  resonant  radiation  limited  the  laser 
pulse  length.  Jeffers  and  Wiswall  |2|  obtained  quasi-CW  laser 
pulses,  2(^/rs  long,  in  a  He-HF  discharge.  They  reported  that 
the  trapping  of  the  resonant  radiation  was  not  a  limiting  factor 
in  their  experiment  due  to  the  existence  of  a  second  lower  laser 
level  de-excitation  process  involving  the  atomic  H  produced  in 
the  dissociation  of  HF  via  the  reaction  F(3s2/>)  +  H(n=  I)  -* 

I  f  ilp)  +  ll(u  =  5)  +  Al-..  However,  their  laser  operated  in 
the  afterglow  of  the  discharge  pulse,  precluding  CW  operation. 
More  recently.  Crane  and  Vcrdeyen  [3]  reported  HO /is  long 
laser  pulses  using  a  hollow  cathode  discharge.  In  this  case  the 
premature  termination  of  the  laser  pulse  with  respect  to  the 
excitation  pulse  was  suggested  to  be  due  to  the  depletion  of 
the  fluorine  donor. 

We  report  CW  laser  action  on  the  7037.5.  71273),  7202.4. 
and  7H00.2  A  laser  transitions  of  atomic  fluorine  using  a  de 
electron  beam  to  excite  either  Hc-F2  or  He-Agl  gas  mixtures. 
The  laser  setup  empolyed  in  this  experiment  was  similar  to  the 
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I  it  I  Mull iliiK-  l.isci  output  power  ol  the  red  utoinic  lluoiiru'  l.iscr 
u.iikiiioik  ,i s  ,i  I u iu  t ion  ol  electron  beam  discharge  current  llcaiul 
I  .  pailial  pn, Mite,  I  9  lorr  and  35  mtorr.  respectively.  A\ial  mag- 
110 1 k  1 1 M  3.  J  k(  i 

line  we  pievimisK  used  to  obtain  (  W  laser  action  in  several 
singly  nmi/cd  species,  and  lias  been  described  in  previous 
publications  |"|  A  multiline  CW  output  power  of  200  mW 
was  obtained  in  a  lle-l  ,  gas  mixture  at  partial  pressures  of 
I  11  ton  and  ?s  mioii.  respectively  This  maximum  output 
powei  was  obtained  at  an  electron  beam  discharge  current  of 
I  2  V  .in  electron  beam  energy  of  2  keV,  and  with  an  axial 
magneik  held  ol  5.2  k(>  I  lie  magnetic  field  was  used  to  help 
contine  the  election  beam  in  I  he  active  region,  fig.  1  shows 
the  sanation  ol  the  laser  output  power  with  electron  beam 
discharge  current  in  a  lle-f  ,  mixture.  CW  laser  action  was 
also  obtained  using  Agi  as  a  fluorine  donor,  when  a  reservoir 
containing  Agi  connected  to  the  plasma  tube  was  heated  above 
500  C.  l  aser  action  was  obtained  when  helium  was  used  as  a 
butter  gas.  as  it  was  in  all  the  cases  in  which  pulsed  laser  action 
was  previously  reported  |l|-[b|.  When  neon  was  used  as  a 
buffer  gas.  laser  action  was  not  obtained.  However,  the  addi¬ 
tion  of  only  50  mtorr  of  He  to  a  0.5  torr  Ne  buffer  gas  dis¬ 
charge  resulted  in  CW  fluorine  laser  oscillation.  This  indicates 
that  helium  plays  an  important  role  in  the  excitation  mechanism 
ol  the  upper  laser  levels. 

Observation  of  the  laser  output  with  a  0.5  m  spectrometer 
showed  that  oscillation  can  occur  at  two  frequencies  displaced 
with  respect  to  the  line  center  of  the  atomic  spontaneous 
emission.  Tig.  2  shows  the  spectrum  of  the  71 27.0  A  laser  line 
for  three  partial  pressures  of  F2.  This  splitting  of  the  laser  lines 
is  attributed  to  very  different  velocity  distributions  of  the 
atomic  fluorine  in  the  upper  (?p2P)  and  lower  (3s2/*)  levels. 
The  velocity  distribution  of  the  upper  laser  levels  can  be  sub¬ 
stantially  broadened  if  these  levels  are  excited  by  a  process  with 
an  energy  surplus,  in  which  the  energy  difference  is  balanced 
by  a  gain  in  the  kinetic  energy  of  the  atoms  involved.  The 
velocity  distribution  of  the  atoms  in  the  lower  laser  levels  is 
narrower  as  a  result  of  the  imprisonment  of  resonant  radiation 
and  subsequent  lengthening  of  the  effective  lifetime.  When 
the  pressure  of  T2  is  reduced,  the  density  of  atomic  fluorine  in 
the  ground  state  decreases  and  the  trapping  of  the  resonant 
radiation  becomes  less  severe,  increasing  the  gain  at  line  center. 
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I  ig.  2.  Spectrum  ol  the  7  127.9  a  laser  outpul  lor  three  I  2  partial 
pressures.  Helium  balance  to  a  total  average  pressure  of  1.9  lorr. 


I’ig.  3.  Variation  of  the  spontaneous  emission  of  the  7ti37  5  and  7800  2 
A  atomic  fluorine  laser  transitions  as  a  function  of  electron  beam 
discharge  current.  He  and  l2  partial  pressures  19  torr  and  35  mtorr. 
respectively 

in  agreement  with  Tig.  2.  This  characteristic  of  the  spectral 
distribution  of  the  laser  light  has  been  previously  observed  in 
t he  8446  A  Ar-02  laser  (8|-[10|.  In  this  laser,  the  velocity 
distribution  of  the  atoms  in  the  lp3P°  2  levels  is  broadened 
due  to  excitation  involving  collisions  of  the  second  kind  be¬ 
tween  02  and  Ar*  which  have  surplus  energy.  The  gain  profile 
is  also  split  as  a  consequence  of  radiation  trapping  w  Inch  occurs 
at  line  center  on  t he  strong  resonant  line  al  1300  \  connecting 
the  lower  laser  level  with  0  I  ground  stale. 

Tig.  3  shows  the  variation  of  the  spontaneous  emission  of 
two  laser  transitions  as  a  function  of  the  electron  beam  dis¬ 
charge  current.  The  spontaneous  emission  shows  a  litieai 
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dependence  on  the  current  as  does  the  laser  output  power, 
indicating  an  excitation  mechanism  requiring  a  single  election 
collision.  The  dissociative  excitation  processes  indicated  in 
reactions  (1)  and  (2),  in  which  the  helium  ineluctable  i.  is 
sinned  to  he  pumped  b\  dnect  election  impact  is),  ate  "single 
step"  mechanisms 

I  let  2J.V)  +  IT  1*  +  I  +  lie!  Iv)  t  A/  III 

I  let  :\y>  +  Agl  -  I  *  +  Ag  +  I  let  I  v  I  +  A/  (  2  i 

e"  +  t  le(  1  v )  -*  1  le<  2  3  S )  +  e  1 2  > 

Reactions  (  1  )  and  (2)  have  a  surplus  energy  A/-  ol  3.  '  itui 

1 .0  eV.  respectively.  Notice  that  in  dissociative  excitation  a 
close  energetic  resonance  discrepancy  is  not  required  lot 
efficient  translei  1 1  I  | .  l  ot  example,  the  energy  disciop- 
ancy  in  the  dissociative  collision  ol  Ar*  and  0-  in  the  atomic 
oxygen  laser  operating  at  M446  A  is  2  eV  1 1  2 ) .  1 1 3 1 .  This 
excess  energy  must,  however,  he  carried  olf  as  kinetic  en¬ 
ergy  by  the  products  of  the  reaction.  This  super  thermal 
velocity  distribution  i>  consistent  with  the  split  line  profile  ol 
the  laser  lines  obseived  experimentally.  The  I  clium  excited 
state  is  indicated  as  the  23.V  state  because  this  is  the  most 
abundantly  populated  level  in  an  electron  beam  excited  nega¬ 
tive  glow  helium  discharge  |14|.  The  Ile(2'.S')  metastable  is 
efficiently  destroyed  by  superelastic  collisions  with  electrons 
and  is  converted  to  the  He(23.V)  metastable.  However,  this 
and  other  excited  states  of  helium  can  also  contribute  to  ( I ) 
and  (2).  Notice  that  the  metastable  atoms  of  Ne  do  not  have 
enough  energy  to  satisfy  (2f.  This  also  consistent  with  our 
experimental  observation  that  no  laser  action  is  obtained  with 
Ne  as  a  buffer  gas. 

Another  possible  excitation  mechanism  involving  helium 
metastable  levels  is 

Hc( 2 3 .V )  +  I  :  -  l;+  +  F  +  lief  Is)  +  e~  (4) 

followed  by  three-body  electron  recombination 

F*  +  2  if  -  I  *  +  e'.  (5) 

Ibis  mechanism,  however,  would  not  cause  a  difference  in  the 
velocity  distribution  of  the  laser  levels  since  in  (4)  most  of  the 
excess  energy  would  be  taken  by  the  resulting  electron. 

Other  possible  mechanisms  exciting  the  upper  laser  levels  are 
two-body  ion-ion  recombination  reactions  such  as 

He*  +  1  '  —  1  *  +  He  +  A/  ((.) 

He*  »-  F‘-~F*  +  He  +  e’  +  A/f  (7) 

lie*  +  I  -  ■*!■*+  lie  +  e  r-  A/:  (H) 

where  (7)  and  fix)  are  followed  by  three-body  electron  recom¬ 
bination.  Miller  and  Morgner  1 1  I  |  predict  large  cross  sections 
tin  (6)  and  (7).  Notice,  however,  that  this  ptocess  requires  at 
least  two  electrons  to  create  the  reactant  tons  since  one  elec- 
t ron  is  required  in  the  dissociative  attachment  (or  attachment ) 
process  and  another  in  ionizing  He.  Consequently,  it  is  not 
consistent  with  our  observation  of  a  linear  increase  in  the 
spontaneous  emission  with  ament.  Reactions  of  negative 
fluorine  ions  with  Ne  ions  would  also  be  allowed  from  art 
energetic  point  o!  view 


Reaction  (  I  ) seems  o  be  the  most  likely  excitation  mechanism 
of  the  He— C  ;  laset  I  he  production  rate  of  mctastable  atoms 
m  our  electron  beam  discharge  has  been  calculated  to  be  suffi¬ 
cient  to  provide  the  needed  pumping  rate,  through  ( 1  ),  for  the 
measmed  0.2  W  laser  output  power.  However,  when  Ar  was 
added  to  the  plasma  with  a  2  torr  He-F,  mixture  in  an  Ar  F2 
proportion  of  up  to  4:1.  with  the  purpose  of  quenching  the 
helium  metastables,  the  electron  beam  current  necessary  to 
achieve  the  threshold  for  laser  action  increased  by  only  *0 
percent.  This  is  not  sufficient,  however,  to  rule  out  ( 1  )  as  the 
major  excitation  mechanism  since  the  cross  section  for  quench¬ 
ing  helium  metastables  by  F2,  which  is  not  available  in  the 
l.terature.  could  be  several  times  larger  than  the  one  an  re¬ 
sponding  to  He*-Ar  collisions,  which  is  5,3  .V  |15]  1  oi 

example,  the  cross  section  ‘  quenching  lle(23.Vl  by  SI  „  w  as 
measured  to  he  20  6  A2  |15|.  Clearly,  a  more  detailed  studs 
is  necessary  to  determine  the  dominant  excitation  mechanisms 
of  the  (  Vr  elec  lion  beam  pumped  fluorine  laset. 

f  inally,  we  observed  CW  laser  action  on  the  s44n  A  line  ol 
atomic  oxygen  exciting  a  lle-O.  mixture  with  a  dc  election 
beam  in  the  same  experimental  setup  ( W  laser  action  was  also 
obtained  when  the  election  beam  was  used  to  excite  pure  oxy¬ 
gen  gas.  The  output  power  on  this  tiansitioit  was.  however, 
only  I  inW  using  totally  ictlecting  mtitois 
Summarizing,  we  base  obtained  CW  laset  action  on  the  ted 
lines  of  atomic  fluorine  for  the  fitsl  nine.  This  was  obtained 
using  F.  or  Agl  as  a  fluorine  donor  in  an  electron  beam  excited 
helium  plasma  A  collisional  excitation  reaction  with  an  eneigy 
surplus  populates  the  upper  laset  level,  causing  a  difference  in 
the  velocity  distribution  of  the  atoms  in  the  upper  and  lowei 
laser  levels.  This  avoids  the  self-termination  ot  the  laser  output 
caused  by  trapping  of  the  lower  state  resonant  radiation  ob¬ 
served  in  previous  studies.  Direct  current  electron  beams  are 
thereby  demonstrated  to  be  a  suitable  method  to  excite  CW 
atomic  lasers. 
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Glow-discharge-created  electron  beams:  Cathode  materials,  electron  gun 
designs,  and  technological  applications 
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The  operating  characteristics  of  glow-discharge-created  electron  beams  are  discussed.  Ten 
different  cathode  materials  are  compared  with  regard  to  maximum  electron  beam  current 
achieved  and  the  beam  generation  efficiency  as  measured  calorimetrically.  Specific  electron  gun 
designs  are  presented  for  a  variety  of  applications  that  include:  cw  ion  laser  excitation;  electron 
beam  assisted  chemical  vapor  deposition  of  microelectronic  films;  and  wide  area  annealing  of  ion- 
implantation  damage  to  silicon  substrates.  The  use  of  sintered  metal-ceramic  (e.g.,  Mo-AKO,) 
cathodes  to  generate  multikilowatt  electron  beams  in  a  pure  noble  gas  discharge  is  reported. 

Cathode  materials  with  high  secondary  electron  emission  coefficients  by  ion  bombardment  allow 
for  electron  beam  production  in  glow  discharges  at  50%-80%  generation  efficiency  values. 


I.  INTRODUCTION 

The  most  common  way  of  producing  high  voltage  di¬ 
rect  current  electron  beams  involves  thermionic  electron 
emission  and  subsequent  acceleration  at  background  pres¬ 
sures  below  10  4  Torr.  Consequently,  the  use  of  complex 
differential  pumping  systems  is  usually  required  in  any  at¬ 
tempt  to  inject  this  vacuum  generated  electron  beam  into  an 
experimental  chamber  containing  gases  at  pressures  in  ex¬ 
cess  of  1  Torr. 

This  paper  summarizes  our  work  in  direct  plasma  gen¬ 
eration  of  kilovolt  electron  beams  in  a  10  1  to  3.0-Torr  am¬ 
bient  using  a  glow  discharge  and  secondary  electron  emis¬ 
sion  from  a  cold  cathode.  In  the  past,  glow  discharge 
electron  beams  have  been  used  in  material  processing,  weld¬ 
ing,  melting,  and  heat  treatment.  This  previous  work  was 
discussed  by  Dugdale1  and  Boring*  as  well  as  by  Hurley.' 
More  recently,  new  technologies  such  as  the  excitation4*"  of 
cw  ion  lasers,  the  deposition  of  thin  microelectronic  films,9 
and  electron  beam  annealing  of  ion-implantation  damage10 
have  also  required  direct  current  electron  beams  operating  in 
ambient  pressures  of  1  Torr.  In  this  paper  we  present  glow 
discharge  electron  guns  designed  especially  for  these  three 
new  purposes  as  well  as  electron  beam  discharge  /-  ^charac¬ 
teristics  as  a  function  of  pressure  and  electron  beam  genera¬ 
tion  efficiency.  Different  cathode  materials  are  compared 
and  the  use  of  sintered  refractory  metal-ceramic  oxide  cath¬ 
ode  materials  is  reported.  Finally,  we  briefly  discuss  new 
applications  of  glow  discharge  electron  beams. 

II.  GLOW  DISCHARGE  ELECTRON  GUNS  AND  THEIR 
OPERATION 

Glow  discharge  electron  guns  can  be  divided  into  two 
groups:  "hollow  cathode"  or  internal  plasma  electron  gener¬ 
ation  types  and  “front  face  emission”  or  secondary  electron 
emission  types.  Figure  1(a)  shows  a  hollow  cathode  glow  dis¬ 
charge  electron  gun  which  we  have  designed  for  the  excita¬ 
tion  of  cw  lasers."  In  this  type  of  electron  gun,  the  plasma 
that  develops  inside  the  hollow  cathode  acts  as  a  source  of 
electrons  for  the  electron  beam.  Electrons  emitted  by  the 


internal  walls  of  the  cathode  (following  bombardment  by 
ions,  fast  neutrals,  and  photons)  are  accelerated  through  an 
internal  voltage  drop  of  several  hundred  volts.  These  elec¬ 
trons  are  electrostatically  trapped  inside  the  hollow  cathode 
and  lose  most  of  their  energy  in  exciting  and  ionizing  colli¬ 
sions  that  sustain  the  internal  plasma.  The  majority  of  the 
discharge  voltage  drop,  however,  occurs  in  the  external  cath¬ 
ode  dark  space  region  shown  in  Fig.  1  (a).  This  external  dark 
space  presents  a  voltage  drop  of  several  kilovolts  to  the  elec¬ 
trons  which  emerge  from  the  hollow  cathode  plasma,  there¬ 
by  forming  the  electron  beam.  Hollow  cathode  electron  guns 
have  two  modes  of  operation.  One  mode  is  a  high  impedance 
one  in  which  the  electron  beam  is  produced,  and  the  other  is 
a  low  impedance  mode  where  no  electron  beam  is  produced. 
Operation  in  the  beam  mode  occurs  over  a  limited  range  of 
current  and  pressure."12  When  these  two  parameters  are 


(o) 


FIG  I  Schematic  repesentation  of  glow  discharge  electron  guns  fa|  Hol¬ 
low  cathode  electron  gun  lb)  Front  face  secondary  emission  cold  cathode 
electron  gun 
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not  properly  chosen  the  extenal  dark  space  vanishes,  pro¬ 
duction  of  the  electron  beam  ceases,  and  the  discharge  then 
operates  in  the  low  impedance  movie  In  this  mode  the  cath¬ 
ode  operates  as  a  regular  hollow  cathode.1  '  where  the  vol¬ 
tage  drop  is  a  few  hundred  volts  and  a  positive  column  occu¬ 
pies  the  distance  between  electrodes.  This  low  impedance 
mode  of  operation  prevents  electron  beam  production  In¬ 
stabilities  in  the  discharge  can  switch  the  discharge  from  the 
electron  beam  mode  to  the  low  impedance  mode,  and  this  is 
undesirable  for  stable  operation  of  the  electron  gun  ''  e 
briefly  discuss  below  hollow  cathode  electron  guns  opera):  ig 
m  the  10  -  to  l-Iorr  pressure  region 

file  pressure  P.  at  which  a  hollow  cathode  electron  gun 
will  operate  in  the  high  impedance,  electron  beam  mode,  is 
determined  by  the  internal  cathode  diameter  D.  Consequent¬ 
ly,  the  scaling  gas  discharge  law  PD  (  can  be  used  to  guide 
the  design  of  these  electron  guns.1  where  ('  is  a  constant 
dependent  upon  both  the  nature  of  the  gas  and  the  cathode 
surface.  Using  a  4.7-mm  cathivde  hole  diameter,  we  were 
able  to  operate  hollow  cathode  electron  guns  in  the  beam 
mode  at  pressures  up  to  1.4  Torr  in  helium  and  0  4  Iorr  in 
argon.  We  obtained  electron  beam  generation  at  the  1-kW 
power  level  at  beam  currents  up  to  0.1  A. "  We  also  obtained 
"sheet  electron  beams"  20-cm  long  and  several  millimeters 
wide  by  operating  a  transverse  hollow  cathode  electron 
gun. 1 :  Beam  generation  efficiencies  of  50%  -70%  are  typical 
for  solid  wall  hollow  cathode  guns."  It  is  noteworthy  that 
perforated  wall  hollow  cathode  guns  have  also  been  success¬ 
fully  operated.14  "  The  cathode  wall  in  this  latter  case  is 
constructed  of  metallic  mesh.  These  mesh  electron  guns  are 
very  simple;  however,  their  operating  efficiency  is  consider¬ 
ably  lower,  typically  20%  to  30%.  We  will  emphasize  in  the 
remainder  of  this  paper  “front  face  secondary  emission” 
electron  guns.  Such  devices  can  operate  at  higher  pressures 
and  provide  larger  electron  beam  currents  w  ith  higher  oper¬ 
ating  efficiency.  For  a  more  complete  discussion  of  hollow 
cathode  electron  guns,  see  Refs.  2,  1 1,  and  12 

Figure  1(b)  shows  a  "front  face  secondary  emission” 
type  of  electron  gun.  In  this  case,  electron  emission  from  the 
cathode  wall  is  produced  following  bombardment  of  the 
cathode  surface  both  by  ions  and  by  fast  neutrals  created  by 
resonant  charge  transfer  in  the  cathode  sheath.  The  secon¬ 
dary  electrons  produced  at  the  cathode  surface  are  acceler¬ 
ated  along  the  electric  field  lines  through  the  cathode  dark 
space  to  form  a  well-collimated  electron  beam.  This  is  clear¬ 
ly  shown  in  Fig.  2  where  the  electron-beam-created  plasma  is 
visible.  The  cathode  face  was  made  concave  to  focus  the  elec¬ 
tron  beam  electrostatically.  To  confine  the  emission  to  the 
cathode  front  face,  all  other  cathode  surfaces  were  shielded. 
In  contrast  with  hollow  cathode  electron  guns,  secondary 
emission  electron  guns  present  only  one  mode  of  operation 
and,  hence,  represent  a  considerable  practical  advantage  for 
stable  electron  beam  production.  Secondary  emission  elec¬ 
tron  guns  can  operate  at  slightly  higher  pressures  (0. 1—3 
Torrl  than  the  hollow  cathode  guns  Operation  at  even  high¬ 
er  pressures  is  also  possible,  however,  the  electron  beam  be¬ 
comes  poorly  collimated  as  the  gas  density  increases 

A  cathode  material  with  a  high  secondary  electron 
emission  coefficient  by  ion  bombardment  y  is  required  for 


HCi  2  Electron  beam  plasma  formed  by  a  front  face  secondary  emission 
electron  gun 


efficient  electron  production  using  cold  cathodes.  Cathodes 
with  a  low  sputtering  yield  are  also  required  for  prolonged 
cathode  lifetime.  In  the  next  section  we  compare  the  results 
of  beam  generation  using  various  cathode  materials.  The 
best  cathode  materials  possess  both  a  high  secondary  emis- 
ion  coefficient  and  a  low  sputtering  yield. 

III.  EFFECT  OF  CATHODE  MATERIALS  ON  BEAM 
GENERATION 

We  constructed  cathodes  of  10  different  materials. 
Each  cathode  was  3. 1  cm  in  diameter  with  a  6-cm  radius  of 
curvature  concave  front  face.  The  cathodes  were  surrounded 
by  an  insulating  ceramic  tube  to  confine  the  emission  solely 
to  the  cathode  front  face.  The  distance  between  the  cathode 
shield  and  the  cathode  was  approximately  1  mm. 

Table  I  lists  the  cathode  materials  tested,  the  maximum 
electron  beam  discharge  current  obtained,  and  the  relative 
sputtering  erosion  of  that  cathode  material.  Cathode  sput¬ 
tering  was  evaluated  only  qualitatively  by  comparing  the 
state  of  the  cathode  surface  before  and  after  a  discharge  and 
by  observing  the  spontaneous  emission  from  cathode  materi¬ 
al  species  in  the  glow  discharge  just  in  front  of  the  cathode. 
In  the  case  of  materials  with  a  high  sputtering  yield,  the 
characteristic  spectral  lies  of  the  cathode  materials  are 
strong  in  the  emission  spectrum  while  low  sputtering  yield 
cathode  materials  had  weak  spectra.  The  first  five  materials 
listed  in  Table  I  are  both  good  sources  of  secondary  electrons 
and  at  the  same  time  have  a  low  sputtering  yield  Conse¬ 
quently,  they  are  judged  to  be  good  cathode  materials.  Well- 
collimated  multikilowatt  dc  electron  beams  have  been  ob¬ 
tained  with  all  five  of  these  cathodes.  Graphite  has  the  lowest 
sputtering  yield  but  a  low  secondary  electron  emission  coef¬ 
ficient,  y.  and  can  be  used  when  small  (0.1  A)  electron  beam 
discharge  currents  are  sufficient.  The  last  five  materials  list¬ 
ed  in  Table  I  are  considered  poor  glow  discharge  cathode 
materials.  For  example,  copper  beryllium  has  a  high  secon¬ 
dary  electron  emission  coefficient  by  ion  bombardment 
(}'  2  for  3-keV  ions).'h  but  unfortunately  a  high  sputtering 

rate  of  cathode  materials  is  observed.  Thus,  while  it  is  possi- 
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TABLE  I.  Characteristics  of  glow  discharge  electron  gun  cathode  materials. 


Cathode  material 

Composition 

Maximum 
current  (A) 

!3.!-cm-diam  cathode) 

Sputtenng 

1  Aluminum 

coaled  with  a 
(hin  oxide  layer 

1.2 

low 

2  Magnesium 

coated  with  a 
thin  oxide  layer 

1.2 

low 

3.  Lanthanum  hexaborate 

0.8 

acceptable 

4.  Sintered 

Molybdenum- A120* 

50-50%  by  weight 

1.0 

acceptable 

5.  Sintered 

Molybdenum-MgO 

50-50%  by  weight 

0.6 

acceptable 

6.  Graphite 

0.1 

low 

7.  Copper 

005 

very  high 

8.  Copper  beryllium 

98-2% 

0.05 

very  high 

9.  Stainless  steel 

0.05 

high 

10.  Molybdenum 

005 

high 

ble  to  increase  the  current  of  the  glow  discharge,  the  rapid 
destruction  of  the  cathode  is  enhanced  by  sputtering.  Even  at 
small  discharge  currents,  a  green  cloud  is  visually  observed 
in  the  vicinity  of  the  cathode.  Current  values  below  0.05  A 
for  the  maximum  discharge  current  in  Table  I  have  little 
significance  because  a  well-defined  electron  beam  is  not  ob¬ 
served.  Similar  behavior  is  observed  when  stainless  steel  and 
molybdenum  are  used  as  cathode  materials.  These  materials 
are  also  poor  electron  emitters  following  ion  bombardment. 
Again,  in  both  cases  it  is  possible  to  observe  with  the  eye  a 
distinctive  colored  emission  characteristic  of  the  sputtered 
cathode  material. 

Next,  we  will  discuss  in  more  detail  the  characteristics 
of  electron  beam  production  with  the  five  cathode  materials 
considered  practical.  These  will  be  discussed  in  three  groups: 
aluminum  and  magnesium;  lanthanum  hexaborate;  and  sin¬ 
tered  ceramic-metal  composites. 

A.  Aluminum  and  magnesium  cathodes  with  oxide 
coatings 

Both  aluminum  and  magnesium  have  strongly  adher¬ 
ent  native  oxide  layers.  When  covered  by  a  thin  oxide  layer 
these  cathode  materials  are  excellent  emitters  of  secondary 
electrons  by  ion  bombardment,  possessing  a  secondary  emis¬ 
sion  coefficient  nearly  10  times  greater  than  that  of  the  pure 
metals.  These  oxide  coatings  are  also  highly  resistant  to  sput¬ 
tering  However,  when  operated  in  a  pure  noble  gas  atmo¬ 
sphere  at  high  current  densities  1 1  (K)  inA/cm).  energetic 
ions  and  neutral  atoms  which  impinge  on  the  cathode  sur¬ 
face  soon  sputter  off  the  native  oxide  layer.  When  this  coat¬ 
ing  is  removed,  the  secondary  electron  emissivity  of  the  cath¬ 
ode  drops  nearly  an  order  of  magnitude  and  the  material  of 
the  cathode  itself  starts  to  rapidly  sputter  into  the  discharge 
This  transition  can  be  seen  by  the  eye  as  a  change  of  color  in 
the  light  emitted  from  the  discharge  region  close  to  the  cath¬ 
ode.  It  is  possible,  however,  to  maintain  a  stable  oxide  layer 
by  adding  a  few  millitorr  of  O.  into  the  discharge.  In  this 
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way,  the  cathode  oxide  layer  is  continuously  restored  via 
plasma-induced  oxidation  and  we  observed  no  change  in  the 
emission  characteristics  after  10  h  of  operation  at  high  (100 
mA/cm:)  current  densities.  The  I-V  characteristics  of  the 
electron  beam  glow  discharge  with  an  aluminum  cathode  3. 1 
cm  in  diameter  covered  by  a  thin  Al.O,  film  are  shown  in 
Fig.  3(a)  with  He  pressure  as  a  parameter.  This  figure  shows 
generation  of  electron  beam  discharge  currents  over  1  A 
(cathode  current  density  >  0. 1 5  A/cnr )  and  that  discharge 
powers  up  to  5  kW  have  been  obtained.  This  figure  also 
shows  that  the  impedance  of  the  electron  beam  glow  dis¬ 
charge  is  significantly  reduced  when  an  axial  magnetic  field 
(1-4  kG)  is  applied  in  the  electron  beam  drift  region.  The 
magnetic  field  increases  the  plasma  density,  and  subsequent¬ 
ly,  the  ion  flux  to  the  cathode,  thereby  enhancing  secondary 
electron  emission  from  the  cathode  and  lowering  the  dis¬ 
charge  impedance. 

We  performed  calorimetric  measurements  to  determine 
the  efficiency  at  which  the  electron  beam  is  generated.  A 
copper  calorimeter  was  situated  13  cm  from  the  cathode 
emitting  surface.  The  calorimeter  was  supported  only  by  a 
thin  wall  stainless-steel  tube  of  poor  heat  conductance  to 
ensure  good  thermal  insulation.  The  temperature  of  the  ca¬ 
lorimeter  was  continuously  measured  with  a  thermocouple 
and  its  variation  w  ith  time  plotted  w  ith  an  x-t  chart  recorder 
The  discharge  current  /  and  voltage  I'of  the  glow  discharge 
were  also  monitored  and  recorded  The  efficiency  E,  .  with 
which  beam  electron'  arc  genet atcd  by  the  electron  cun  was 
then  calculated  as 


where  M  is  the  mass  of  the  calorimeter  and  f '  |  /  I  is  the  specif¬ 
ic  heat  of  copper  The  results  of  these  measurements  for  an 
electron  gun  with  an  aluminum  cathode  in  a  He  ambient 
(with  20  m Torr  of  O.i  are  shown  m  Fig  3|bl  The  electron 
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MG  .1  : a>  V-l  characteristics  o!  the  aluminum  cathode  electron-beam  dis¬ 
charge  m  helium  with  20  mTorr  of  oxygen  added  to  the  discharge  chamber 
Solid  line  without  magnetic  field  Dashed  line  operating  the  electron  gun 
I }  crn  front  a  solenoid  producing  a  magnetic  field  of  3.2  kG  Fringing  field 
at  the  cathode  front  face  40  G.  lb|  Electron-beam  generation  efficiency  as  a 
function  of  discharge  current  for  an  aluminum  cathode.  The  He  pressure  in 
Torr  is  shown  20  mTorr  of  oxygen  was  also  added  to  the  discharge 
chamber 

beam  generation  efficiency  is  observed  to  increase  as  the  to¬ 
tal  pressure  decreases  and  as  the  cathode  current  increases. 
This  is  attributed  to  the  increase  of  the  secondary  emission 
coefficient  as  a  function  of  the  energy  of  the  impinging 
ions. '  The  energy  of  these  ions  and  associated  fast  neutrals, 
created  by  charge  transfer,  increases  with  the  discharge  vol¬ 
tage"*  A  maximum  electron  beam  generation  efficiency  of 
80%  was  measured  at  0.5  Torr  of  helium  and  a  beam  current 
of  0.65  A. 

Magnesium  covered  with  a  thin  oxide  layer  is  also  an 
excellent  emitter  of  secondary  electrons  following  ion  bom¬ 
bardment.  As  in  the  case  of  aluminum,  the  oxide  has  a  low 
sputtering  yield  Again,  if  the  cathode  is  to  be  continuously 
operated  in  pure  noble  gas  environments  at  a  high  current 
density  (0. 1  A/cnr),  then  a  few  millitorr  of  O,  is  needed  to 
compensate  for  erosion  of  the  cathode  oxide  layer.  We  dis¬ 
covered  that  electron  guns  with  magnesium  cathodes  create 
glow  discharges  with  lower  impedance  than  the  ones  ob¬ 
tained  with  aluminum  cathodes  of  the  same  geometry.  We 
have  obtained  electron  beam  discharge  currents  of  1.2  A  at 
an  energy  of  1.5  keV  by  operating  a  Mg  electron  gun  with  a 
3. 1  -cm-diam  cathode  in  I  Torr  of  helium  with  10  mTorr  of 
oxygen. 

We  have  previously  measured  the  energy  spectrum  of 
the  transmitted  electron  beam,  created  by  a  magnesium 
cathode  coated  with  a  thin  oxide  layer,  using  an  electrostatic 
energy  analyzer.'*'  Electron  beam  energy  distributions  were 
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measured  at  pressures  between  0.15  and  0.8  Torr,  currents 
between  60  and  700  mA,  and  discharge  voltages  between  1 
and  2.5  kV.  The  glow-discharge-generated  electron  beams 
have  an  energy  width  at  half-maximum  of  100-300  eV.l<> 
The  energy  width,  was  observed  to  decrease  for  all  pressures 
as  the  current  was  incremented.  Also,  at  certain  pressure- 
current  conditions  the  electron  beam  energy  profile  was  ob¬ 
served  to  degrade  abruptly  into  a  broad  distribution.  This 
change  was  coincident  with  the  sudden  appearance  of  a  plas¬ 
ma  region  with  a  very  intense  luminosity  and  with  the  emis¬ 
sion  of  intense  microwave  radiation.  This  phenomena  was 
attributed  to  the  generation  of  plasma  oscillations  driven  by 
the  electron  beam  and  is  treated  in  more  detail  elsewhere.  '*' 

B.  Lathanum  hexaborate 

LaB6  has  been  used  in  the  past  as  a  thermionic  emit¬ 
ter.20  We  have  used  LaBh  as  a  cold  cathode  in  glow  discharge 
electron  guns.  We  observed  that  after  exposure  to  the  am¬ 
bient  atmosphere  lathanum  hexaborate  is  a  good  electron 
emitter  by  ion  bombardment  alone.  However,  after  oper¬ 
ation  in  a  pure  noble  gas  atmophere,  an  increasing  voltage 
was  needed  to  maintain  a  constant  current.  When  a  small 
amount  of  O,  (20  mTorr)  was  introduced  into  the  discharge 
the  cathode  rapidly  recovered  its  electron  emission.  A  thin 
oxide  coating  is,  as  in  the  case  of  A1  and  Mg  cathodes  pre¬ 
viously  discussed,  apparently  of  fundamental  importance  in 
providing  a  high  secondary  electron  emission  coefficient,  y. 
The  /-  ^characteristics  of  a  3. 1  -cm-diam  LaB6  cathode  oper¬ 
ating  in  a  helium  atmosphere  with  20  mTorr  of  02  are  shown 
in  Fig.  4(a).  Well-collimated  electron  beam  glow  discharges 
with  discharge  currents  up  to  0.8  A  have  been  obtained.  Ca¬ 
lorimetric  measurements  of  the  electron  beam  production 
efficiency  are  shown  in  Fig.  4(b).  They  indicate  that  electron 
beam  generation  efficiencies  up  to  70%  are  obtainable  with 
LaB6  cathodes  in  a  helium  atmosphere  with  a  20-mTorr  par¬ 
tial  pressure  of  oxygen. 

C.  Sintered  ceramic-metal  cathodes 

The  need  for  CK  in  the  plasma  to  achieve  prolonged 
operation  of  Al,  Mg,  and  LaBh  cathodes  can  be  undesirable 
in  some  applications.  For  example,  if  the  electron  guns  are  to 
be  used  for  laser  excitation,  the  presence  of  oxygen  in  the 
laser  active  medium  can  in  some  cases  interfere  with  the  laser 
excitation  mechanisms.  We  have  therefore  developed  cath¬ 
ode  materials  which  can  operate  in  a  pure  noble  gas  atmo¬ 
sphere  without  the  need  of  a  partial  pressure  of  oxygen. 

The  materials  are  obtained  by  hot  press  sinterization  of 
molybdenum  and  aluminum  oxide  or  molybdenum  and 
magnesium  oxide  particles  10/im  in  diameter.  This  ceramic- 
metal  composite  has  unique  cathode  properties.  The  oxide 
particles  have  a  high  secondary  electron  emission  coefficient 
while  the  molybdenum  particles  make  the  material  a  good 
conductor  of  electricity  enabling  dc  operation  of  the  electron 
beam.  We  experimented  with  several  different  ratios  by 
weight  of  Mo  to  oxide  particles  to  find  the  optimum  propor¬ 
tions  for  beam  generation.  We  found  that  in  the  case  of  Mo- 
MgO,  equal  portions  by  weight  worked  well.  This  is  equiva- 
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FIG.  4.  |a)  V-l  characteristics  of  the 
helium  glow  discharge  obtained  using 
a  3.1-cm-dtam,  6-cm-radius-of-curva- 
ture  lanthanum  hexaborate  cathode 
20  mTorr  of  oxygen  was  added  to  the 
discharge  chamber.  |b)  Electron-beam 
generation  efficiency  as  a  function  of 
discharge  current  for  the  lanthanum 
hexaborate  electron  gun  The  He  pres¬ 
sure  is  in  Torr.  20  mTorr  of  oxygen 
was  added  to  the  discharge. 


lent  to  approximately  74%  MgO  and  26%  Mo  by  volume. 
Consequently,  the  ions  bombarding  the  cathode  surface 
mostly  impinge  on  the  oxide  particles,  allowing  for  efficienct 
electron  beam  production.  Increasing  the  amount  of  MgO 
results  in  an  undesirable  decrease  of  the  electrical  conductiv¬ 
ity  of  the  cathode  preventing  dc  operation.  In  the  Mo-AKO, 
sintered  mixtures,  equal  portions  by  weight  of  10-/rm-diam 
particles  give  good  results  as  cathode  material.  Figures  5(a) 
and  5(b)  show  the  V-l  characteristics  and  electron  beam  pro¬ 
duction  efficiency  of  a  glow  discharge  using  a  3.1-cm-diam 
Mo-MgO  cathode  operating  in  helium.  These  figures  show 
that  electron  beam  discharge  powers  of  3  kW  and  discharge 
currents  up  to  0.6  A  have  been  obtained  with  these  electron 
guns  at  efficiencies  up  to  75%.  Figure  6(a)  shows  the  V-l 
characteristics  of  a  discharge  using  Mo-A1203  cathode,  also 
3. 1  cm  in  diameter.  In  this  case  the  maximum  discharge  cur¬ 
rent  obtained  was  1  A.  The  electron  beam  generation  effi¬ 
ciencies  as  a  function  of  current  with  helium  pressure  as  pa¬ 
rameter  are  shown  in  Fig.  6(b).  Beam  generation  efficiencies 
up  to  75%  were  demonstrated. 

In  summary,  both  sintered  ceramic-metal  mixtures 
constitute  good  cathode  materials,  producing  multikilowatt 
elecron  beams  in  a  pure  helium  atmosphere  at  efficiencies  up 
to  75%.  The  MgO-Mo  cathode  fractured  after  a  0.6-A  dis¬ 
charge,  probably  due  to  a  poor  thermal  shock  resistance. 


This  prohibited  tests  at  higher  currents  and  explains  why  the 
maximum  current  obtained  with  the  MgO-Mo  cathode  was 
smaller  than  with  the  Al;0,-Mo  cathode. 

IV.  GLOW  DISCHARGE  ELECTRON  GUN  GEOMETRIES 

Electron  beams  of  tailored  geometries  can  be  realized 
with  front  face  secondary  emission  glow  discharge  electron 
guns.  The  geometry  of  the  cathode  face  largely  determines 
the  shape  of  the  resulting  electron  beam.  However,  as  dis¬ 
cussed  previously,  the  cathode  material  needs  to  have  a  high 
secondary  electron  emission  coefficient  by  ion  bombard¬ 
ment  for  efficient  electron  beam  generation  and  a  low  sput¬ 
tering  yield  for  prolonged  lifetime.  If  a  multikilowatt  dc  elec¬ 
tron  beam  is  desired  on  a  continuous  basis,  the  cathode  must 
be  water  cooled.  Usually  we  make  the  water-cooled  body  of 
the  cathode  out  of  copper,  and  press  fit  the  selected  cathode 
material  into  this  cooled  section.  This  two-price  construc¬ 
tion  allows  for  efficient  cooling  of  the  porous  cathodes  made 
of  sintered  materials.  The  entire  cathode  is  completely  sur¬ 
rounded  by  an  insulating  shield  that  confines  the  secondary 
emission  to  the  unshielded  cathode  surface.  The  distance 
between  the  insulating  shield  and  the  cathode  is  approxi¬ 
mately  1  mm  and  is  always  less  than  an  electron  collision 
mean  free  path.  A  grounded  metallic  shield  has  also  been 
used. 


MG  5  i a !  V-l  characteristics  of  the 
helium  glow  discharge  obtained  using 
a  sintered  MgO  (50^  hv  weight  I — Mo 
concave  catht>de  31  cm  in  dtameter 
and  with  a  b-cm  radius  of  curvature 
ib)  Electron  beam  generation  effi¬ 
ciency  as  a  function  of  discharge  cur¬ 
rent  for  the  sintered  MgO- Mo  elec¬ 
tron  gun 
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FIG.  6.  |a)  V-J  characteristics  of  the 
helium  glow  discharge  obtained  us¬ 
ing  a  sintered  A120,  (50%  by 
weight| — Mo  concave  cathode  3.1 
cm  in  diameter  with  a  6-cm  radius  of 
curvature  (b)  Electron  beam  genera¬ 
tion  efficiency  as  a  function  of  dis¬ 
charge  current  for  the  sintered 
AljO, — Mo  electron  gun. 
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The  primary  application  of  glow  discharge  electron 
guns  in  our  work  has  been  in  the  excitation  of  cw  ion  lasers. 
Figure  7  shows  the  structure  of  an  electron  gun  developed 
for  this  purpose.  The  electron  gun  geometry  (doughnut-like) 
provides  a  clear  0.5-cm-diam  optical  path  throughout  the 
axis.  This  permits  one  to  easily  match  the  electron-beam- 
created  plasma  volume  with  the  volume  of  an  optical  resona¬ 
tor.  To  confine  the  emission  to  the  cathode  front  face  only, 
the  rest  of  the  cathode  walls  are  shielded.  Specifically,  a  ce¬ 
ramic  tube  (99.8%  AKO,)  covers  the  external  cathode  walls 
and  a  quartz  tube  shields  the  inner  cathode  walls.  The  cath¬ 
ode  was  made  of  aluminum  3  . 1  cm  in  diameter  and  was  oper¬ 
ated  in  a  helium  atmosphere  which  contained  approximately 
20  mTorr  of  0;.  The  rest  of  the  cathode  was  made  of  copper 
and  was  water  cooled  for  adequate  heat  dissipation  at  multi- 
kilowatt  dc  operating  conditions.  The  cathode  front  face  was 
made  concave  to  focus  the  electron  beam  as  shown  in  Fig. 
1(b).  We  have  used  both  6  and  9  cm  as  a  radius  of  curvature. 
Similar  electron  guns  with  cathodes  made  of  sintered  metal- 
ceramic  materials  described  in  Sec.  Ill  were  also  successfully 
used  to  excite  cw  ion  lasers.  The  position  of  the  anode  is  not 
important  so  we  usually  use  the  stainless-steel  vacuum 
chamber  in  which  the  electron  gun  operates  as  the  anode. 
The  use  of  this  electron  gun  design  in  exciting  cw  lasers  is 
discussed  further  in  Sec.  V  of  this  paper. 

Figure  8  shows  a  broad  area  (7.5  cm  in  diameter)  elec¬ 
tron  gun  constructed  for  the  purpose  of  electron  beam  an¬ 
nealing  of  ion-implanted  silicon  wafers.  The  cathode  was 
made  of  a  sintered  Mo-MgO  mixture  of  equal  portions  by 
weight.  The  cathode  was  supported  by  an  aluminum  piece 
w  hich  was  not  water  cooled  in  this  case  as  only  short  electron 
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beam  operating  times  (60  sec)  were  required  for  this  applica¬ 
tion.  The  broad  area  cathode  was  surrounded  by  a  quartz 
shield  which  confined  the  emission  to  the  front  face.  Dis¬ 
charge  currents  up  to  700  mA  and  discharge  powers  of  3  kW 
(70  W/crrr)  were  easily  obtained.  The  I-  V characteristics  of 
this  electron  gun  operating  in  helium  are  shown  in  Ref.  10. 

Figure  9  shows  the  structure  of  an  electron  gun  de¬ 
signed  to  produce  a  line  source  5-cm  long  and  approximately 
2-mm  wide  at  the  focal  plane.  This  electron  gun  has  been 
used  for  both  annealing  silicon  wafers  as  well  as  recrystalliz¬ 
ing  polysilicon  films.  The  geometry  of  this  electron  gun  is 
similar  to  the  transverse  hollow  cathode  electron  gun  for 
plasma  excitation  described  in  Ref.  12;  the  main  difference 
being  that  the  cathode  shown  in  Fig.  9  is  slotless.  Notice  that 
the  operation  of  this  electron  gun  is  similar  to  the  electron 
guns  previously  described,  except  for  the  geometry,  and  con¬ 
sequently  does  not  need  further  discussion. 

V.  APPLICATIONS  OF  GLOW  DISCHARGE  ELECTRON 
GUNS 

A.  Excitation  of  cw  ion  lasers 

We  have  used  the  electron  guns  described  in  Sec.  II  and 
IV  to  excite  helium-metal-vapor  gas  mixtures  and  obtain  cw 


FIG  7  Structure  of  the  glow  discharge  electron  gun  for  longitudinal  laser  FIG  8  Experimental  setup  used  to  anneal  n-type  silicon  wafers  implanted 
excitation  with  30-keV  boron  ions  to  a  total  dose  of  5  x  I01'  lons/cm’. 
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Fig  9.  Structure  of  an  electron  gun  designed  to  produce  an  electron  sheath 
5-cm  long  and  approximately  2-mm  wide  at  the  focal  plane,  This  rheath 
geometry  is  used  for  annealing  silicon  wafers  and  recrystallizmg  polysilicon 
wafers. 

laser  action  in  seven  different  singly  ionized  metallic  spe¬ 
cies.  4~lt  We  successfully  used  both,  oxide-coated  aluminum 
cathodes21  and  sintered  metal-ceramic  cathodes.  In  the  first 
case  we  introduced  10-20  mTorr  of  oxygen  into  the  gas  mix¬ 
ture,  to  allow  stable  electron  emission  over  prolonged  per¬ 
iods  of  time.  In  all  seven  laser  media,  the  presence  of  the 
oxygen  impurity  did  not  affect  the  laser  output  power  in  a 
measurable  way.  The  axial  path  of  the  electron  guns  allows 
for  an  easy  overlap  of  the  electron-beam-created  plasma  with 
the  volume  of  the  optical  resonator  as  show  in  Fig.  10.  The 
excitation  scheme  shown  in  this  figure  uses  two  electron 
guns  that  produce  two  counter  propagating  electron  beams. 
The  electron  beams  are  kept  collimated  along  the  1-m-long 
plasma  tube  by  use  of  an  axial  magnetic  field  of  1-4  kG. 
Using  this  electron  beam  excitation  scheme  we  have  ob¬ 
tained  cw  laser  radiation  on  more  than  40  ion  transitions.22 
A  cw  laser  power  output  of  1 .2  W,  for  example,  was  obtained 
on  the  491 1.6  and  4924.0- A  transitions  of  Zn  II.  This  repe- 
sents  an  order  of  magnitude  increase  in  the  laser  output  pow¬ 
er  and  efficiency  previously  obtained  for  these  metal  vapor 
transitions  using  hollow  cathode  discharges.25 

In  summary,  electron  beam  pumping  is  a  new  way  to 
excite  ion  lasers  that  has  the  potential  of  increasing  both  the 
operating  efficiency  of  these  devices  as  well  as  the  output 
power.25 

B.  Large  area  glow  discharge  electron  beam  annealing 
of  lon-implantatlon  damage 

We  have  thermally  annealed  ion-implant  damage  in  sil¬ 
icon  wafers  using  a  broad  area  (7.5  cm  in  diameter)  glow 


discharge  electron  gun.  This  allowed  for  irradiation  of  an 
entire  3-in.  (7. 5-cm)  wafer  without  beam  or  wafer  scanning 
as  did  previous  investigators.24  An  electron  beam  power  of 
up  to  3  kW  at  a  current  of  0.7  A  was  created  using  a  magne¬ 
sium  oxide-molybdenum  cathode.  The  electron  beam  was 
produced  in  helium  at  a  pressure  between  0. 1  and  2  Torr. 
The  experimental  setup  shown  in  Fig.  8  was  used  to  anneal  n- 
type  silicon  wafers  implanted  with  30-keV  boron  ions  to  a 
total  dose  of  5x  1015  ions/cm2.  Samples  were  isochronally 
annealed  for  1 5  sec  at  different  electron  beam  power  densi¬ 
ties  and  the  change  in  sheet  resistivity  was  measured.  The 
reduction  of  sheet  resistivity  exhibited  a  threshold  of  160  J/ 
cm2  and  reached  10%  of  the  initial  value  at  a  total  energy  of 
725  J/cm2.  Annealing  of  doped  polysilicon  and  silicide  films 
was  also  achieved. 

In  summary,  broad  area  glow  discharge  electron  guns 
provide  enough  power  density  to  allow  processing  of  large 
area  wafers  in  a  few  seconds  without  requiring  focusing  and/ 
or  scanning  of  the  electron  beam. 

C.  Electron-beam-assisted  chemical  vapor  deposition 

We  have  used  glow  discharge  electron  beams  to  deposit 
Si02  and  Si,N4  films  on  silicon  wafers  at  low  substrate  tem¬ 
peratures  (200°  to  400°C).  The  need  for  low  temperautre  se¬ 
miconductor  processing  becomes  increasingly  important  as 
semiconductor  device  structures  move  to  submicron  dimen¬ 
sions.  Low  temperature  processes  reduce  dopant  redistribu¬ 
tion,  wafer  warpage,  and  crystalline  defect  generation  each 
of  which  are  induced  by  high  temperature  processing.  We 
used  electron  beam  dissociation  of  the  reactants  as  a  new 
CVD  technique  compared  to  conventional  rf  plasma  assisted 
CVD.  In  contrast  with  radio  frequency  CVD,  where  the  re¬ 
action  volume  fills  almost  all  of  the  chamber,  in  the  electron 
beam  scheme  the  reaction  is  confined  to  the  volume  deter¬ 
mined  by  the  electron-beam-created  plasma.  In  this  way,  the 
amount  of  reactants  lost  to  the  walls  is  largely  reduced  as  is 
the  undesired  sputtering  from  chamber  walls.  We  used  both 
aluminum  and  sintered  cathodes  to  produce  rectangular 
electron  beam  sheets  (2X  30  mm)  located  parallel  to  the  wa¬ 
fer  surface.  The  beam  electrons  collide  with  the  reactant  gas 
molecules  dissociating  and  creating  free  radial  species  that 
include  excited  atoms  and  molecules,  as  well  as  positive  and 
negative  ions.  These  species  diffuse  across  a  boundary  layer 
to  the  heated  substrate.  Nucleation  and  film  growth  occurs 
at  absorption  sites  leading  to  the  formation  of  islands.  The 
process  continues  with  coalescence  of  these  islands  to  form  a 
continuous  film.  The  experimental  setup  we  used  to  obtain 
electron  beam  induced  CVD  of  Si02  and  Si3N4  is  shown  in 
Fig.  11.  We  expect  the  electron  beam  CVD  technique  to  be 


FIG.  10  Setup  used  for  electron  beam  pump¬ 
ing  of  cw  ion  lasers  utilizing  two  electron  guns 
that  produce  two  counter  propagating  elec¬ 
tron  beams.  Electromagnet  keeps  the  two 
beams  well  collimated. 
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FIG.  1 1  Experimental  setup  for  electron  beam  CVD  of  SiO  ,  andSi,N.,  The 
wafer  is  located  on  the  substrate  heater. 


useful  as  a  means  to  deposit  a  large  variety  of  insulating, 
metallic,  as  well  as  semiconducting,  films  over  large  areas. 

0.  Other  suggested  applications  of  glow-discharge- 
created  electron  beams 

Glow  discharge  electron  guns  can  find  other  applica¬ 
tions  in  experimental  situations  in  which  an  electron  beam  is 
needed  at  pressures  between  10  “ :  and  3  Torr;  since,  they  can 
operate  at  these  pressures  without  differential  pumping. 
Glow  discharge  electron  beams  of  1  keV,  for  example,  can  be 
used  to  simulate  heavier  particles  which  ionize  and  excite  the 
laser  medium  as  in  the  case  of  a  nuclear-pumped  laser  plas¬ 
ma.'1'  Another  application  is  the  generation  of  x  rays  for 
preionizing  gas  laser  discharges  or  for  x-ray  photolithog¬ 
raphy.  Glow  discharge  electron  guns  could  also  be  used  as 
the  ionization  source  in  broad  area  ion  sources.  Unique  ad¬ 
vantages  would  be  both  the  broad  area  of  the  source  as  well 
as  the  abundance  of  multiple  ionized  species.  Finally,  elec¬ 
tron-beam-assisted  unidirectional  etching  of  microelectron¬ 
ic  thin  films  and  substrates  is  possible  using  the  electron 
beam  to  enhance  surface  etching  rates  without  the  surface 
texturing  or  crystal  damage  that  ion  beams  cause. 

VII.  SUMMARY 

Ten  different  electron  gun  cathode  materials  have  been 
compared  for  the  production  of  glow  discharge  electron 
beams  in  helium  at  pressures  between  0. 1  and  3  Torr.  Alumi¬ 
num  and  magnesium,  when  covered  by  a  thin  oxide  layer  can 
produce  electron  beams  with  discharge  currents  up  to  1.2  A 
at  measured  beam  generation  efficiencies  of  up  to  80%. 
However,  a  small  amount  of  oxygen  (5  to  20  mTorr)  must  be 
present  in  the  discharge  to  allow  for  the  regrowth  and  main¬ 
tenance  of  the  oxide  layer  which  is  continually  sputtered 
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away  by  the  bombardment  of  the  cathode  surface  by  ions  and 
fast  neutrals.  A  similar  need  for  an  oxide  layer  was  observed 
for  LaBft  cathodes.  The  use  of  sintered  refractory  metal-ce¬ 
ramic  cathode  materials  such  as  Mo-ALO,  allowed  us  to 
produce  multikilowatt  electron  beams  at  an  efficiency  of  up 
to  75%  in  a  pure  noble  gas  atmosphere  without  the  need  fora 
partial  pressure  of  oxygen.  Glow  discharge  electron  guns 
have  been  successfully  used  m  the  excitation  of  cw  ion  lasers, 
chemical  vapor  deposition  of  thin  microelectronic  films,  and 
for  the  rapid  thermal  annealing  of  ion-implanted  damage  in 
silicon  wafers.  Other  applications  are  suggested. 
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